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INTRODUCTION 
Development and verification of techniques that enable measurement of 
biological processes are foundational stages in the effort to maximally 
utilize the resources available to man. While techniques are not an end 
of themselves, seeking to understand the complexities that comprise 
biological systems without these techniques would reduce research to a 
matter of conjecture. Because results are no better than the techniques 
used to obtain them, considerable effort must be devoted to developing, 
verifying and improving techniques. Yet, the development of techniques 
is not an isolation from the end result of obtaining a greater 
understanding of biological processes, but they are contiguous. Failures 
or observed weaknesses of a technique initiates a seeking of both 
explanations and better ways to achieve the desired result, and, as a 
consequence, knowledge accumulates that potentiates into areas beyond the 
original goal. 
A means of accurately measuring the quantities of protein, water, 
fat, and ash in the bodies of farm animals, in a way that is easier, 
cheaper, and faster than chemical analysis of the whole body after 
killing the animal, has been highly sought after. Such a technique would 
be a great aid in understanding the process of growth and would assist in 
finding ways of manipulating growth to our benefit. If body composition 
could be measured repeatedly in the live animal, changes in body 
composition over time could be measured for each animal instead of 
changes in composition between groups of animals. Because a large 
variability exists between individual animals in their growth process. 
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this would-improve the accuracy in measuring changes in body composition. 
While many different approaches have been used, dilution of isotopically 
labeled water is the method of choice for estimation of body composition 
of live animals. The evaluation and improvement of the water-isotope 
dilution method as related to body composition of ruminants, and 
understanding the process of isotope equilibration in the body, as 
applied to ruminants, are the topics of the present series of studies. 
The work was not embarked upon with expectations of finding a "perfect" 
method, but with expectations of expanding the current knowledge of 
water-isotope dilution methods so that definitive decisions could be made 
concerning the usefulness of water-isotope dilution methods for research 
purposes. 
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REVIEW OF THE LITERATURE 
Historical Development of the Isotope Dilution Method 
The study of body composition of ruminants began in 1849 when Lawes 
and Gilbert (1860) chemically analyzed the bodies of five sheep and three 
cattle. A second study was conducted 46 yr later by Jordan (1895) in 
which the chemical composition of four steers was determined. The need 
for a way to understand the processes of growth and the difficulties of 
obtaining such an understanding were clearly understood by Jordan: 
"...many of the phenomena, chemical and physical, which occur 
in the animal organism and that are involved in the processes 
of growth, are hidden from the ordinary means of 
observation." "Only investigations long continued and of the 
most searching kind are competent to reveal the nature and 
extent of the chemical and physical changes in the animal 
body." "...it is essential to know not only the amount and 
kind of nutrients supplied to the animals but also the extent 
and character of the growth produced." 
That directly measuring body composition is a time consuming process can 
be seen in the classical studies of Haecker (1920) and Moulton et al. 
(1922). Body composition of 48 cattle was reported by Haecker (1920) and 
body composition of 30 cattle was reported by Moulton et al. (1922). 
Both of these experiments required more than 10 yr to complete. Thus, 
efforts have been directed toward finding other means of determining body 
composition that requires less effort, but still provide accurate 
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results. One method that has been devised is the isotope dilution 
method. In this method, either deuterium oxide (DgO) or tritium oxide 
(TgO) is injected into the animal and, based upon the measured 
concentration of the isotope, the quantity of water that would be 
required to dilute the dose of isotope can be calculated. Because water 
constitutes a constant percentage of the fat-free body (Moulton et al., 
1922; Pace and Rathbun, 1945), body composition can be calculated from 
body water. 
A brief history of the development of the isotope dilution procedure 
has been presented by Sheng and Muggins (1979). The dilution principle 
was first applied in the 1880s for measuring blood volume. The lack of 
suitable tracers prevented the application of this principle to the 
measurement of total body water until the 1930s. DgO was discovered in 
1932 and was first used in 1934 to measure total body water. Although 
TgO was discovered in 1937, it did not gain wide usage until the late 
1950s, after the development of liquid scintillation counting. Once TgO 
became easier to measure than DgO, TgO became the preferred substance for 
body water measurements. In the 1970s, concern about the use of 
radioactive isotopes increased interest in using DgO. In the late 1970s, 
instrumentation for infrared spectroscopy was improved to the extent that 
it became economical to use DgO. This was due both to lower 
instrumentation costs and better precision so that much lower dosages of 
DgO could be used (Byers, 1979a). The nuclear reactor industry played a 
role in the availability of DgO as well as in the development of 
analytical instrumentation. Much interest in using isotopic dilution to 
measure body water has developed for both experimental and diagnostical 
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usages in man. Researchers have also applied isotopic dilution to the 
measurement of body composition of nonruminant species. Although work in 
these areas has contributed to the understanding and usage of the 
dilution method, the focus of this paper will be usage in ruminants. 
Predicting Body Composition of Ruminants by Compartmental Models 
One compartment model 
One application of the isotope dilution method for estimating body 
composition can be classified as the one-compartment approach. In this 
approach, the objective is to translate the estimated quantity of total 
body water into body composition. This has usually been accomplished by 
use of regression equations, which were derived by regressing directly 
measured composition with total body water that was estimated by isotope 
dilution. A standard procedure has not been followed in doing this 
(tables 1 and 2). Two ways have been used to estimate the concentration 
of the isotope in total body water. In the first (one sample method), an 
estimate of concentration is usually obtained by measuring the 
concentration of isotope in a sample of blood taken from the animal after 
equilibration in the body has been completed. In using this approach, a 
suitable period of time must elapse before a sample is taken to assure 
that complete equilibration in the body has occurred, but the sample must 
be taken soon enough before appreciable quantities of isotope are lost 
from the body. In the second (extrapolation method), an estimation is 
made of the isotope concentration in the body that would have occurred if 
the injected isotope was instantaneously mixed with the water in the 
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body. This is accomplished by taking a series of blood samples over a 
period of time after equilibration in the body is completed, and 
extrapolating, using these measured concentrations on a natural log 
basis, to time zero. Unlike the one sample method, loss of isotope after 
equilibration will not affect the estimated quantity of total body water, 
Table 1. Experimental conditions and accuracy of estimating total body 
water of cattle by using isotope dilution with a one-
compartment model 
Reference Isotope 
used 
Sample^ 
time 
(h) 
Fast^ 
length 
(h) 
accuracy^ 
(%) 
Bird et al. (1982) o CM 1
—
 20 24 12.6 
Chigaru and Holness (1983) O CM h
-
6 24 7.8 
Crabtree et al. (1974) DgO 12-24 nr 12.3 
Little and McLean (1981) T^O 16 16 20.0 
Little and Morris (1972) T2O 24 24 nr 
Meissner et al. (1980) TgO 6 none 16.0 
Robelin (1982) DgO 6-24 none 3.2 
The time(s) the isotope was sampled after dosing; a range of times 
indicate the extrapolation method was used to estimate body water, 
otherwise, the one sample method was used. 
^The length of time the animals were without feed and water before 
receiving the dose of isotope; nr signifies information not reported. 
^The percentage difference between the determination of total body 
water by direct measurement and the quantity estimated by isotope 
dilution. 
7 
Table 2. Experimental conditions and accuracy of estimating total body 
water of sheep by using isotope dilution with a one-compartment 
model 
Reference Isotope 
used 
Sample* 
time 
(h) 
Fast^ 
length 
(h) 
accuracy^ 
{ % )  
Cowan et al. (1979) DgO 5 none nr 
Cowan et al. (1980) DgO 12-96 none 3.7 
Donnelly and Freer (1974) TjO 9 15 9.8 
Farrell and Reardon (1972) T^O 6 48 11.0 
Foot and Greenhalgh (1970) O 
ro
 o
 
7 none 2.9 
Foot et al. (1979) TjO 7 none 12.9 
Keenan et al. (1969) TjO 9 15 7.2 
Meissner (1976) TgO 5 none 1.9 
Panaretto (1963) TjO 6 48 3.9 
Panaretto (1968) o CM 1
—
 6 14 4.2 
Panaretto and Till (1963) TgO 6 48 4.2 
Searle (1970a) TgO 5 24 8.8 
Smith and Sykes (1974) o CM 1
—
 8 16 2.8 
Sykes (1974) T^O 8 24 0 
Tissier et al. (1983) OgO 8-24 none 5.9 
The time(s) the isotope was sampled after dosing; a range of times 
indicate the extrapolation method was used to estimate body water, 
otherwise, the one sample method was used. 
'^The length of time the animals were without feed and water before 
receiving the dose of isotope. 
^The percentage difference between the determination of total body 
water by direct measurement and the quantity estimated by isotope 
dilution; nr signifies information not reported. 
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however, the isotope that is lost before equilibration is completed is 
not corrected for. The main limitation in using the one-compartment 
approach is that the amount of water in the gastrointestinal tract is 
included in the estimate of total body water. Thus, most researchers 
have implementated a period of fasting ranging between 14 to 48 h (tables 
1 and 2) in order to minimize both the quantity of gut water and the 
variation in the quantity of gut water. However, this practice imposes 
adverse conditions upon the animal that are usually not desirable in many 
experiments. 
When using the one-compartment model, total body water is 
overestimated (tables 1 and 2) as compared with the quantity measured by 
direct chemical analysis. The reasons for this are not clearly known, 
but the loss of tracer due to exchange of isotope with hydrogens of the 
proteins, carbohydrates, and lipids of the body has usually been 
attributed to be the cause of the overestimation. However, the extent of 
the overestimation is usually higher than the 1 to 5% that is attributed 
to this process (Culebras and Moore, 1977; Sheng and Huggins, 1979; 
Schoeller et al., 1980). In most of the experiments listed in tables 1 
and 2, regression equations were developed to enable body composition to 
be calculated from estimates of total body water. Multiple-linear-
regression models were used by most researchers, but allometric-
regression models were judged to be better by Donnelly and Freer (1974) 
and Bird et al. (1982). In most experiments, the goodness of fit of 
regression equations was improved if other variables, such as live weight 
or age, were included with the estimate of total body water. Often, the 
goodness of fit of regression equations was not improved even if the 
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estimate of-total body water was included with other variables. Meissner 
et al. (1980) developed regression equations to predict empty body water 
based upon TgO space as calculated at different times after dosing, and 
found that inclusion of calculated water space at 5 min after dosing 
provided the best fit with directly measured data, but the physiological 
basis or constancy of this relationship was not known. It is evident 
from results reported for the experiments listed in tables 1 and 2 that 
different equations were necessary for different physiological states, 
such as breed, stage of lactation or pregnancy, or whether the animals 
were well fed, undernourished, or undergoing compensatory growth. While 
many equations have been generated, very little effort has been spent 
testing the usefulness of the equations in other groups of animals. 
Searle (1970b) evaluated previously published equations (Searle, 1970a) 
by directly measuring body composition of a second group of sheep, and 
concluded that the equations have general application in predicting body 
composition of sheep. Sykes (1974), however, after comparing predicted 
values from equations developed by other researchers with directly 
measured composition of a group of sheep, concluded that prediction 
equations need to be generated for the specific experimental conditions 
under which animals are to be placed. 
A variant of the one-compartment approach in predicting body 
composition (Loy, 1983) has been to subtract an estimated quantity of gut 
water, obtained from a regression equation that was based upon shrunk 
live weight, from the total body water estimate, and to use this estimate 
of empty body water to calculate body composition on the basis of the 
constancy of water in the fat-free body. Because regression equations 
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were used, an accurate estimate of body composition would be obtained by 
the one-compartment approach only if the conditions of the experiment are 
the same as for the experiment in which the equations were developed. 
Even if the relationship described by the regression equation changes, 
the one-compartment approach should enable relative changes in body 
composition to be measurable so long as gut water is not affected 
differently between the treatments imposed in the experiment. 
Multiple compartment models 
A second application of the isotope dilution method can be classified 
as the multiple-compartment approach. This approach makes use of 
multiple compartment analysis of kinetic data, which is based upon the 
assumption that transfer of tracer between compartments can be described 
by exponential functions (Shipley and Clark, 1972), to provide estimates 
of the volume of water in several portions of the body. The desired 
result of the multiple-compartment approach is primarily to provide an 
estimate of empty body water (total body water minus water in gut 
contents), but, depending upon the number of compartments, it could 
theoretically be used to estimate the quantity of water in several 
portions of body tissues. The relationship between water and the 
different chemical constituents of a group of tissues could than be used 
to translate the estimated water content of the group of tissue into 
estimates of composition. 
Byers (1979b) was the first to use this approach with two 
compartments in an attempt to estimate the quantity of empty body water 
separately from the quantity of water in gut contents.. Because the 
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estimated quantities of empty body water and gut water did not equal the 
quantities of water directly measured to be present in these body 
portions, Byers (1979b) used regression equations to adjust the results 
to the measured values. Byers (1979b) compared the estimated empty body 
composition, predicted by his method, with the empty body composition, 
which was predicted from regression equations that were based upon 
carcass specific gravity (Garrett and Hindman, 1969), of a second group 
of cattle and found that the results compared favorably. McCarthy et al. 
(1983b), however, found that body composition of cattle predicted by 
Byers (1979b) method was poorly correlated with body composition 
predicted by either specific gravity (Garrett and Hinman, 1969) or the 9-
10-llth rib section (Hankins and Howe, 1946). Lunt et al. (1985) found 
separable carcass fat to be poorly correlated with empty body fat that 
was estimated by using Byers (1979b) method; separable carcass lean was 
poorly correlated with lean body mass, which was calculated from body 
composition data that were obtained by using Byers (1979b) method. Byers 
(1979b) method has been used to estimate the body composition of pregnant 
beef cows (Thompson et al., 1983), beef steers (McCarthy et al., 1983a), 
and 1actating and nonlactating dairy cows (Martin and Ehle, 1983). For 
the most part, Byers (1979b) developed his method with beef steers, thus, 
different regression equations would probably be required for cattle that 
are in a different physiological state. Ferrell and Jenkins (1984a) 
directly measured the body composition of nonlactating, nonpregnant beef 
cows and developed regression equations for predicting body composition 
from compartment volumes that were solved by isotope dilution using the 
two-compartment model. In a subsequent experiment (Ferrell and Jenkins, 
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1984b), they used their method to estimate body composition of a second 
group of cows. Thus, while isotope dilution methods have been developed 
using two-compartment kinetic models, the usefulness of this approach has 
not been evaluated by comparisons with directly measured body 
composition. A two-compartment kinetic model, without adjusting 
compartment volumes by regression equations, have been used (Woodford et 
al., 1984; Odwongo et al., 1985) to describe the water dynamics of dairy 
cows, but the relevancy of predicted compartment volumes to actual 
anatomical compartments are not known. 
Nyamekye-Boamah (1982) conducted an experiment that was designed to 
evaluate the appropriateness of the two-compartment model in describing 
the equilibration process. In one experiment, DgO was dosed into a 
jugular vein and TgO was dosed into the rumen. In a second experiment 
with the same sheep, DgO and TgO were both dosed into a jugular vein and 
the sheep were slaughtered for direct measurement of water content. 
Total body water was overestimated (P<.05) by 17% when determined by the 
one-compartment model, overestimated (P<.01) by 11% when determined by 
the two-compartment model when dosing and sampling the blood, and was 
accurately (P>.5) estimated (1.5% larger value) when dosing and sampling 
the rumen. Empty body water, when calculated by the two-compartment 
model, was overestimated (P<.01) by 15% for the blood-dosing scheme and 
accurately (P>.5) estimated (.7% larger value) for the rumen-dosing 
scheme. Gut water was overestimated P<.01) by 90% with the blood-dosing 
scheme and accurately (P>.5) estimated (9% larger value) with the rumen-
dosing scheme. Equilibration time was 3 h when dosing blood and 5.5 h 
when dosing the rumen. Differences in equilibration time due to site of 
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dosing in sheep has been reported by other researchers. Till and Downes 
(1962) observed an equilibration time of 5 h when blood was dosed and 9 h 
when the rumen was dosed. Smith and Sykes (1974) observed that ruminai 
contents had the same activity of TgO as blood by 8 h after the sheep 
were dosed intravenously, but when dosed intraruminally equilibration was 
not achieved by 8 h. Thus, the two-compartment model seems to be an 
inaccurate model to describe the equilibration of water isotopes in 
ruminants. 
When using the two-compartment approach, concentrations of isotope in 
blood during the first 20 min after dosing are not used for determining 
the two exponential components that describe the equilibration between 
the two compartments. Thus, attempts have been made to increase the 
number of compartments in order to account for the total isotope 
disappearance curve for blood instead of truncating the curve. When the 
earliest sampling times for blood were every 5 min during the first 70 
min after the isotope was dosed, three exponential components were fitted 
to the disappearance curve (Odwongo et al., 1984; Odwongo et al., 1985), 
however, when blood was sampled every 10 min for the first hour after 
dosing the isotope, only two exponential components were fitted to the 
disappearance curve (Woodford et al., 1984). Odwongo et al. (1984) 
developed regression equations for predicting body composition from 
calculated water volumes of the three compartments. 
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Use-of Blood Flow Models to Simulate Water Equilibration 
A third approach has been used to model the equilibration process of 
water isotopes in the tissues of the body. This approach is based upon 
the concept that the rate of blood flow to tissues regulates the amount 
of isotope that can equilibrate with tissues. This type of modeling has 
been developed for use in pharmacology in studying the distribution and 
metabolism of drugs in tissues (Wagner, 1975). Coleman et al. (1972) 
used this approach in an attempt to explain the reason for the relatively 
long time that is required for water to equilibrate in the body. Their 
model was comprised of three compartments. One compartment, which could 
not be anatomically defined, represented blood, heart, lungs, and some 
adjacent vascular tissues. The volume of this compartment was estimated 
from arterial concentration data and rate of blood flow was set to the 
average cardiac output of a 70 kg man. The second and third compartments 
were comprised of the rest of the tissues of the body and the volume and 
blood flow data were derived from a variety of sources for man and 
primates. The second compartment represented the low-flow, large-volume 
tissues, which included bone, skin, and skeletal muscle. The third 
compartment represented the high-flow, low-volume tissues, which included 
brain and visceral organs. Mass-balance differential equations for each 
compartment were solved on a computer to simulate the concentrations of 
isotope in each compartment. An experiment with dogs was conducted and 
concentrations of TgO in blood sampled over time from the aorta, vena 
cava and femoral vein were measured. The relative differences in 
concentrations between the three compartments, simulated by the 
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theoretical- blood-flow-limiting model, were similar to the relative 
differences between the measured concentrations in blood from the three 
vessels in dogs. This supports the concept that differential rates of 
blood flow to tissues, which have different volumes, control the 
equilibration process. Russell (1985) developed a 15-compartment blood 
flow model for ruminants that was based upon data reported in the 
literature. Water in lung, heart, kidney, skin, brain, spleen, liver, 
and gut mucosa were predicted by the model to equilibrate with water in 
blood within 5 min. Water in carcass tissue was predicted to equilibrate 
within 30 min. The predicted time of equilibration for water in gut 
muscle was intermediate to the times predicted for the fast equilibrating 
tissues and carcass tissue. Gut water was predicted to equilibrate by 5 
h. The simulated blood concentrations of isotope was changed only to a 
small extent when large changes were made in gut water volumes. Thus, 
blood flow models have been used in an attempt to explain the 
equilibration process of water isotopes in the body, but the models have 
been developed with data that do not represent the whole body and it is 
not known how well the model describes the equilibration process in the 
tissues. 
Physiology of Water Equilibration in Mammals 
While much effort has been made to model the equilibration process of 
water isotopes in the body, relatively little information is known about 
the actual equilibration rates in the various tissues, and little is 
known about the physiological regulation of the equilibration process. 
Water in brain tissues of dogs has been observed to equilibrate rapidly 
with water in blood (Bering, 1952); water in cerebral grey matter and the 
cerebellum equilibrated within 1 min and water in cerebral white matter 
equilibrated within 7 min. Liver water, which was sampled from dogs, 
equilibrated with water in arterial blood in 1 min and had a higher 
concentration than water in arterial blood until approximately 20 min 
after the DgO was dosed (Edelman, 1952). The concentration of DgO in 
water from gastric juice sampled from a human was similar to arterial 
blood concentrations by 10 min. Oddy et al. (1981) found that the 
arterial-venous differences in tritium activity across the hind limb of 
sheep approached zero at approximately 40 min after the start of TgO 
infusion into the animals. They also observed that water in individual 
muscles in the hind limb equilibrated at different rates and concluded 
that the rate of equilibration was proportional to the blood flow rate to 
the individual muscles. Hahn and Hevesy (1940) reported that 
equilibration of DgO between water in blood and skeletal muscle of 
rabbits occurred between 20 and 38 min. The concentrations of DgO in 
blood sampled from the femoral veins of one dog and three humans were 
lower than in arterial blood during the first 30 min after the DgO was 
dosed (Edelman, 1952). Bloch et al. (1961) observed that water in muscle 
of rats equilibrated with the water in blood within 2 to 3 min, and water 
in skin equilibrated with water in blood within 15 min. Edelman (1952) 
also measured the equilibration of DgO in leg bone samples removed from 
dogs and found that water in bone was 95% equilibrated by 122 min with no 
further equilibration occurring by 233 min. 
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It is not clear if diffusion limits the equilibration rate of water 
isotopes in tissues or whether the rate of equilibration is only limited 
by blood flow. Edelman (1952) has shown that muscle, when studied in 
vitro, contains some hindrance for diffusion of DgO, but when the 
cellular structure was altered by freezing and thawing, DgO was able to 
enter the muscle tissue much more rapidly. A perfusion study with the 
isolated hind leg of the cat was conducted by Edelman (1952); it was 
concluded that the capillary wall does not restrict the passage of DgO. 
It was concluded (Johnson et al., 1952) that the red blood cell membrane 
did not restrict the movement of DgO. When Freis et al. (1953) measured 
the uptake of DgO in the forearm of man by comparing arterial-venous 
differences in DgO concentration, 95% of the injected DgO was extracted 
by the tissues of the arm in one circulation of blood through the arm. 
Johnson et al. (1952) perfused isolated heart and muscle preparations 
from dogs at different rates; the concentrations of DgO in venous blood 
was similar to the theoretical calculated concentrations of DgO, which 
was based upon the assumption that only blood flow limited the entry of 
DgO into the tissue, in the perfused tissues. While a small deviation 
from the theoretical situation occurred, it would seem from these data 
that blood flow is the major factor determining the rate of equilibration 
of DgO in tissues. Similar results were obtained in a later study 
(Thompson et al., 1959), when preparations of isolated dog hearts, dog 
muscles, and rat livers were perfused at different rates. They also 
measured tissue concentrations of DgO and found that the concentrations 
of DgO varied from site to site within the tissue, and the concentrations 
of DgO in the tissues were often lower than the concentrations in venous 
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blood. They concluded that the deviation of the measured venous 
concentrations of DgO from the theoretical case of blood-flow-limiting 
equilibration was probably due to diffusion limitations for heart and 
muscle tissue, while for liver it was due to the presence of many small 
flow-limited compartments that were perfused at different rates. Weiner 
and Grim (1966) perfused preparations of isolated lower small intestine 
tissue from dogs. They found that, while the concentrations of DgO in 
venous blood were similar to theoretical concentrations in tissues of a 
blood-flow-limited model, the actual concentrations in the tissue were 
much lower. The authors suggested that compartmental modeling should not 
be performed when based upon venous concentrations of DgO. The rates of 
equilibration of the mucosa, submucosa, muscle, and mesentery layers of 
the small intestine were similar to the whole tissue (the average of the 
four layers) except that the mucosa layer tended to equilibrate faster 
than the other three layers. Three-component exponential equations were 
fitted to the equilibration curves for each of the layers, which 
indicated each layer contained three compartments that equilibrated at 
different rates. After evaluating a number of different models that 
could explain the existence of the three compartments, the authors 
concluded that the three compartments would most likely represent 
extracellular space, cytoplasmic space, and the volume of water in cell 
organelles such as the nucleus and mitochondria. Thus, diffusion is 
likely to affect the equilibration of water isotopes in tissues in 
addition to the effect due to rate of blood flow and the diffusion 
barrier is probably located at the cell wall and intracellular membranes. 
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The equilibration time for ruminai contents has been observed to be 
much longer than the equilibration time for tissues. The approximate 
equilibration times for ruminai contents of cattle, when the isotope was 
injected into blood, have been measured to be 6 h (Shumway, 1956), 4 h 
(Aschbacher et al., 1965), 9 h (Springell, 1968), 9 h with no difference 
between cattle fed or fasted 24 h (Little and Morris, 1972), and 9 h 
(Byers, 1979b). For sheep, the equilibration times have been 5 h (Till 
and Downes, 1962), 8 h (Smith and Sykes, 1974), and 3 h (Nyamekye-Boamah, 
1982). 
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EXPLANATION OF DISSERTATION FORMAT 
This dissertation is presented in the alternate format, as outlined 
in the Iowa State Graduate College Thesis Manual. Use of the alternate 
format allows for the preparation of independent sections that are 
suitable for submission to scientific journals. 
Five separate papers have been prepared from the data collected from 
research performed to partly fulfill requirements for the Ph.D. degree. 
Each paper is complete in itself and has an introduction, materials and 
methods, results and discussion, and bibliography. The closeness of the 
subject matter of the five papers allowed a general discussion to be 
prepared. 
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SUMMARY 
Body composition as estimated by a one- or two-compartment deuterium 
oxide dilution technique was compared with directly measured body 
composition of 15 large- and 15 small-frame steers. Body composition of 
the steers was measured at 219, 412, and 603 kg live weight. Empty body 
protein was overestimated (P<.05) 3.6% from a one-compartment model (ICM, 
using the slope, intercept method), while empty body protein was 
underestimated (P<.05) 5.4% from a two-compartment kinetic model (2CM). 
Empty body ether extract estimated by ICM was not significantly different 
from the direct method, although 4.7% larger. Empty body ether extract 
was overestimated {P<.001) 32.2% by the 2CM. Empty body water was 
accurately estimated from the ICM when a 3.2% correction factor was used 
for the overestimation of total body water by the ICM, but water in 
gastrointestinal tract contents was overestimated (P<.001) 13.4% by the 
ICM. Empty body water was underestimated (P<.001) 7.8% by the 2CM, and 
water in gastrointestinal tract contents was overestimated (P<.001) 41.8% 
by the 2CM due to its dependence on regression equations that differ 
between groups of cattle. The 2CM offered no advantage over the ICM. A 
three-compartment model was not better than the 2CM in estimating body 
water compartments. Assuming the amount of empty body water associated 
with either empty body protein or ash to be constant seemed to be valid. 
Suggested values calculated from data presented in the literature for 
growing cattle with an empty body weight greater than 175 kg are .302 and 
.0668, respectively, for the ratios of protein and ash to water. The 
relationship between empty body fat and water was, percentage empty body 
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fat = 94.27- - (1.267)(percentage empty body water), which had a 1.25 
residual standard deviation and a .98 coefficient of determination. 
(Key Words: Body Composition, Cattle, Deuterium Oxide, Kinetic Models.) 
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INTRODUCTION 
Several dilution techniques have been used in attempts to obtain 
relatively precise measurements of live animal body composition. The 
basic theory involves injecting a known amount of a substance, which 
meets the qualifications of a biological tracer, into the body. Total 
body water is estimated from dilution of the tracer after it has 
equilibrated with body water. Water labeled with deuterium or tritium 
has proven to be an excellent biological tracer for this technique (Sheng 
and Muggins, 1979). With the development of more precise techniques for 
measuring deuterium oxide (DgO) (Byers, 1979a), its advantage of being a 
nonradioactive isotope has made it the more favored tracer. 
Application of this technique in ruminant animals has been 
complicated by the water in gastrointestinal tract contents, which 
contains a large amount of water in contrast to nonruminant animals. The 
quantity of water in the gastrointestinal tract contents of ruminants 
also varies due to dietary, environmental, and animal differences. 
Because tissue water is predominantly associated with lean body mass 
(Sheng and Muggins, 1979), set relationships between empty body water and 
empty body protein, fat, and ash have been used to calculate the 
quantities of protein, fat, and ash in the empty body (Byers, 1979b; Loy, 
1983). Because DgO readily passes into the water in gastrointestinal 
tract contents, a major error is introduced in the estimation of empty 
body composition if total body water is assumed to be equal to empty body 
water. 
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Three basic approaches have been used to develop mathematical models 
for determining body water after injection of the tracer. The first 
approach entails a single blood sample after equilibration has been 
reached (Panaretto and Till, 1963). Body water is calculated by dividing 
the amount of tracer injected by the concentration of tracer in water 
obtained from the blood sample. In practice, the time of sampling has 
ranged from 6 to 16 h after tracer injection and has involved many pre-
and post-injection fasting regimens. This approach does not take into 
account the half-life of water in the body. 
In the second approach (Robe!in, 1975), several blood samples are 
taken after equilibrium is reached, and the concentration of tracer in 
body water at time of injection is estimated by extrapolation. This 
approach accounts for irreversible loss of body water and provides a more 
accurate measure of total body water. A predictive equation, however, 
must be used to estimate the amount of water in gastrointestinal tract 
contents. 
The third approach (Byers, 1979b) is based upon concentration of 
tracer in body water before and after equilibrium and is best described 
as a two-compartment kinetic model. The assumption is that the dilution 
curve derived from the serial sampling allows differentiation of two 
distinct distributions of body water. In this case, the two compartments 
are taken to represent water in the empty body and gastrointestinal 
tract. 
Mathematical relationships between body water and protein, fat, and 
ash are needed for calculation of each of these body components from the 
estimate of empty body water. 
33 
The objective of this study was to evaluate the use of single- and 
multiple-compartment models of water dilution, by using DgO as the 
tracer, for determining empty body composition of live beef steers during 
growth and finishing. A second objective was to combine the body 
composition measurements obtained in this study with reported 
measurements presented in the literature to evaluate the constancy of 
relationships of empty body protein, ash and fat with empty body water. 
MATERIALS AND METHODS 
Thirty weanling crossbred steers consisting of 15 large-frame and 15 
small-frame animals, were allotted to one of three slaughter groups, 6, 
12, or 18 mo of age, with five steers of each frame size in each 
slaughter group. Designation as large or small frame was based on hip 
height measurements, birth weight and breed of sire. Average breed 
composition of the large-frame steers was 36% Angus, 34% Simmental, 11% 
Hereford, 6% Brown Swiss, 4% Hoi stein, and 9% other breeds. Average 
breed composition of the small-frame steers was 46% Angus, 26% Jersey, 
13% Hereford, 5% Hoi stein, 3% Simmental, and 7% other breeds. All steers 
were grown on a 25% alfalfa haylage (IFN 3-00-221), 75% corn grain (IFN 
4-02-931) diet (81% total digestible nutrients), balanced with proper 
protein and mineral supplements. When a slaughter group attained the 
designated age, they were transported to a different facility and adapted 
for at least 2 wk before starting DgO dosing. 
Deuterium oxide was injected via a jugular catheter and followed with 
a 20-ml physiological saline flush. A dose approximating .20 g DgO/kg of 
live weight was administered, with the actual dose determined by weighing 
the syringe to the nearest .01 g before and after injection. A 3-ml 
waste volume was withdrawn to clear the catheter before each lO-ml sample 
was drawn. One blood sample was taken before the DgO was injected. The 
sampling schedule after injection of DgO for the 6-mo slaughter group was 
9, 12, 15, 20, 25, 30, 40, 50, 60, 90 min, and 2, 4, 8, 24, 48, and 72 h. 
The sampling schedule for the 12-mo slaughter group was similar except 
that samples were taken at 2, 4, 6, and 10 min instead of 9 and 12 min. 
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The sampling schedule for the 18-mo slaughter group was 2, 4, 6, 10, 15, 
20, 25, 30, 40, 50, 60, 80, 100, 120, 150, 180 min, and 4, 5, 6, 8, 12, 
16, 24, 36, 48, 60, and 72 h. The exact time each sample was drawn was 
recorded. Excess feed was removed in the evening approximately 12 h 
before DgO dosing the next morning. Steers were allowed access to water 
until just before the DgO injection, and allowed access to both feed and 
water after the 4-h sample. The steers were weighed five times, starting 
the day before injection and continuing daily through the 72-h sampling. 
These weights were obtained approximately 12 h after feeding and averaged 
to provide a shrunk live weight measurement. Blood samples were placed 
in dry, heparinized screw-top culture tubes and stored at 5 C until 
analyzed. Water containing DgO was isolated from blood samples by vacuum 
sublimation as described by Byers (1979a), and DgO concentration was 
assayed by infrared photometry as described by Byers (1979a) with 
modification of an automated sampling system (Ferrell and Philips, 1980). 
Steers were slaughtered at the Iowa State University abattoir after 
the 72-h sampling. They were exsanguinated after being stunned with a 
captive-bolt gun. The steers were separated into a carcass portion, a 
noncarcass portion and gastrointestinal tract fill. The noncarcass 
portion consisted of blood, hide, viscera (including internal organs and 
gastrointestinal tract with contents removed), head, feet, and tail. 
These parts were weighed at time of slaughter and frozen. Frozen parts 
were sawed into strips, ground through successively smaller dies ending 
with a 6.4-mm die, and representative aliquots (15% of each part) were 
combined for chemical analysis. The carcass portion was split in half 
with the right half being separated into fat, edible tissue, and bone. 
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These tissues were ground through successively smaller dies ending with a 
6.4 mm die, and representative aliquots (5% of each tissue) were combined 
for chemical analysis. Gastrointestinal tract contents were mixed and 
sampled for determination of dry matter. 
All carcass and noncarcass samples were freeze-ground with liquid 
nitrogen in a blender for subsequent chemical analysis. Percentage dry 
matter was determined by lyophilization. The Kjeldahl method (protein = 
nitrogen X 6.25) was used for protein (CP) determinations. Fat (EE) was 
measured by extracting the samples with diethyl ether for 12 h by using a 
Goldfisch extraction apparatus. Ash content was derived by combustion in 
a muffle furnace at 600 C for 4 h. 
A single-compartment model described by Loy (1983) was used to 
estimate body composition of the cattle. These equations and their 
sources are presented in table 1. Blood samples taken later than 5 h 
after injection of DgO were used to estimate zero time concentration of 
DgO because the inflection point of the disappearance curves occurred at 
3 to 4 h. Equations used in the calculation of empty body composition 
from a two-compartment model were those presented by Byers (1979b) in 
which blood samples taken 20 min and later were used in a curve-peeling 
process to calculate the two-compartment model. Notation used to 
represent kinetically estimated results from a two-compartment model are: 
QA (kg empty body water), QB (kg water in gastrointestinal tract 
contents), and QAr [kg empty body water as calculated from a regression 
equation developed by Byers (1979b) to adjust the two-compartment 
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Table 1. Calculations used in the one compartment model* 
Robe!in (1982) 
deuterium oxide at time zero ([DgOjtO) in whole body at time of injection 
of dose = Y intercept of regression of InfDgO] vs time 
deuterium oxide space (DgO space) = Dose(mg)/[D20]t0 (ppm) 
kg total body water (TBHgO) = space) 
Simpendorfer (1973) 
kg empty body weight (EBwt) = (.949)(shrunk live weight) - 11.987 
kg gastrointestinal tract fill (6ITF) = shrunk live weight - EBwt 
kg water in gastrointestinal tract contents (GITCHgO) = (GITF)(.847) 
kg empty body water (EBHgO) = TBHgO - GITCHgO 
Garrett and Hinman (1969) 
% empty body fat (%EBfat) = 94.32 - (1.266)(%EBH20) 
% empty body protein = (100 - %EBfat - %EBH20)(.831) 
% empty body ash = (100 - %EBfat - ^EBHgO)(.186) 
®Adapted from Loy (1983). 
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estimate of empty body water]. 
A three-compartment model was calculated according to Shipley and 
Clark (1972) in which the DgO was considered to have been injected into 
compartment one, the only exit from the system was from compartment one, 
the only entry of water into the system was into compartment three, and 
equilibration occurred between compartments one and two and one and 
three. The model was conceived to consist of extracellular water 
(compartment one), intracellular water (compartment two), and water in 
gastrointestinal contents (compartment three). A nonlinear least-squares 
fitting routine (SAS, 1982a) was used to derive three-component 
exponential equations for the steers in slaughter groups two and three. 
A lack of enough early-sampling-times for group one made these data not 
suitable for fitting a three-component curve. 
Differences in average daily gain (AD6), live weight, and composition 
within frame sizes as well as differences between estimates from three-
component models and directly measured composition were compared for 
statistical significance by Student's-t-distribution (tables 2, 3 ,4, and 
5). Analysis of variance was used to examine differences in composition 
between methods of estimation of composition and to evaluate the 
constancy of the relationship of empty body protein or ash to empty body 
water (CPiHgO and ashiHgO ratios, respectively). The model used included 
age group as a second class variable in addition to one of the other 
variables, and the interaction of the two variables (tables 6 and 7). 
Empty body composition of one steer slaughtered at 6 mo as calculated by 
both the one- and two-compartment models was discarded because a twofold 
overestimation of empty body water occurred. Body composition of one 
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steer slaughtered at 18 mo also was discarded for the two-compartment 
model due to an eightfold underestimation of empty body water. The 
reasons for abnormal equilibration curves that caused low-time-zero 
intercepts in the steer in the first group and high-time-zero intercept 
for the steer in the third group are unknown. These values were either 
considered as missing data (table 6) or were disregarded (table 5). 
Linear regression was used to develop relationships between variables and 
to measure the correlations with each other. Weighted linear regression 
analysis and weighted means were utilized to evaluate the CPzHgO and 
ashiHgO ratios (table 8). The computerized package of SAS (1982a, b) was 
used to perform these statistical comparisons. 
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RESULTS 
The large-frame steers had a greater (P<.01) average daily gain than 
the small-frame steers (table 2) at each age group, which resulted in 
heavier (P<.01) live weights in the large-frame steers. Rate of gain 
decreased 34% between 12 and 18 mo of age. This depression in growth may 
have been caused by the severe winter when this study was conducted, as 
well as the steers' approaching physiological maturity for muscle growth. 
Table 2. Rate of gain and live weights of large- and small-frame 
steers 
6 mo^ 12 mo^ 18 mo* SE 
Item Large Small Large Small Large Smal1 
Weight, kg 220 ** 203 416 *** 359 616 *** 525 6 
ADG, kg 1.26 ** 1.04 1.32 *** 1.05 .89 ** .68 .05 
®Data obtained during feedlot phase before DgO dosing. 
^Data from 20 steers in 12- and 18-mo slaughter groups when 6 mo 
of age. Six-month slaughter group killed at start of feedlot phase. 
^Data from 20 steers in 12- and 18-mo slaughter groups when 12 
mo of age. 
^bata from 10 steers in 18-mo slaughter group before DgO dosing. 
** P<.01. 
*** 
P<.001. 
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Overall-average percentage ether extract of the empty body was greater 
(P<.05) in the small-frame steers (22.9% small frame vs 20.1% large 
frame) while percentage of water was lower (P<.05, 55.9% small frame vs 
57.6% large frame). Overall-average percentages of crude protein and ash 
in the empty body were not different (P<.05)-between frame types. 
Percentage crude protein, water, and ash decreased (P<.001), and ether 
extract of the empty body and carcass increased (P<.001) with age. Both 
the large- and small-frame steers attained carcass ether extract contents 
of greater than 30% by 18 mo of age (table 3). Differences in carcass, 
noncarcass and empty body composition (table 3) between frame types were 
most pronounced in the 6-mo age group. No significant differences in 
either carcass or empty body composition existed in the 18-mo age group. 
More differences in composition existed between frame types in noncarcass 
tissues than in carcass tissues. 
Composition of the empty body as determined by direct chemical 
measurement was not accurately predicted by use of DgO in either a one-
or two-compartment kinetic model (table 6). Percentage empty body crude 
protein was overestimated (P<.05) 3.6% by the one-compartment model and 
underestimated (P<.05) 5.4% by the two-compartment model. Percentage 
ether extract was 4.7% larger for the one-compartment model, but this was 
not statistically different from the direct measurement. A 32.2% 
overestimation (P<.001) of percentage ether extract in the empty body, 
however, was predicted by the two-compartment model. The one-compartment 
model overestimated (P<.05) percentage ash in the empty body while the 
two-compartment model was accurate in estimating this component. 
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Table 3. Directly measured composition of large- and small-frame steers 
at three-age groups 
12 mo 6 mo 18 mo SE 
Item Large Small Large Small Large Small 
Carcass 
Weight, kg 103 104 251 * 210 382 *** 324 7 
CP, % 2 0 . 2  *** 1 9 . 0  1 6 . 2  1 5 . 8  •  1 4 . 3  1 4 . 4  . 4  
m
 
m
 
7 . 1  *** 1 2 . 3  2 3 . 2  2 6 . 2  3 4 . 3  3 2 . 0  1 . 4  
Water, %  6 5 . 2  ** 6 1 . 6  5 5 . 2  5 3 . 7  4 6 . 4  4 7 . 0  . 9  
Ash, % 5 . 1  5 . 0  4 . 2  *  3 . 7  3 . 2  3 . 8  . 3  
Noncarcass 
Weight, kg 6 0  6 2  131 * 111 168 * *  150 4  
CP, % 1 8 . 3  1 7 . 7  1 7 . 0  1 6 . 4  1 7 . 6  * 1 5 . 8  . 4  
m
 
m
 
5 . 1  * *  9 . 2  1 9 . 1  * *  2 4 . 0  2 8 . 2  2 8 . 0  1 . 1  
Water, %  7 1 . 7  *** 6 7 . 2  6 0 . 0  * *  5 6 . 6  5 1 . 6  5 3 . 6  1 . 0  
Ash, % 3 . 1  *  2 . 8  3 . 0  /  2 . 2  2 . 8  i 2 . 4  . 1  
Empty body 
Weight, kg 165 172 382 * 321 558 *** 484 1 0  
CP, % 1 9 . 3  *  1 8 . 5  1 6 . 5  1 6 . 0  1 5 . 2  1 4 . 8  . 4  
m
 
m
 
6 . 3  *** 1 1 . 0  2 1 . 8  /  2 5 . 5  3 2 . 3  3 2 . 1  1 . 2  
Water, %  6 8 . 0  *** 6 3 . 8  5 6 . 9  5 4 . 7  4 7 . 9  4 9 . 1  . 8  
Ash, % 4 . 3  4 . 1  3 . 8  * *  3 . 2  3 . 0  3 . 3  . 2  
Age and live weight at slaughter 
Age, days 183 
Weight, kg 187 
201 
192 
372 
425 
386 
** 348 
584 
594 
585 
520 
6  
1 2  
rp<.l. 
*P<.05. 
** P<.01. 
*** P<.001. 
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Directly measured body composition had a higher correlation with body 
composition predicted by the one-compartment model than by the two-
2 
compartment model (table 6). The coefficient of determination (R ) 
between the direct and DgO methods for water, protein, and ether extract 
ranged between .82 and .83 in the one-compartment model and .59 and .61 
in the two-compartment model. The correlation with the direct method for 
2 
ash was similar for both DgO models. The R for gastrointestinal tract 
fill or water were higher for the one-compartment model (.74, .76, 
respectively) than for the two-compartment model (.20, .29, 
respectively). The quantity of empty body water as determined from 
dilution of DgO by the two-compartment model (QA) was similar to that 
measured directly. Use of the regression equation in the two-compartment 
model (Byers, 1979b) to adjust QA resulted in a lower estimation of empty 
body water (QAr, 52.3%), which was lower (P<.001) than that directly 
determined (56.7%). Total body water was accurately estimated by the 
one-compartment model. In the two-compartment model, combining the 
underestimated amount of empty body water (QAr) with the overestimation 
of water in the contents of the gastrointestinal tact (QB) produced an 
estimate of total body water that was similar to that measured directly. 
The comparison between the direct and two-compartment methods produced 
interactions (P<.05) between slaughter group and method of estimating 
body composition. This occurred for percentage empty body ether extract 
and water and for percentage total body water and gastrointestinal tract 
fill. Percentage ether extract was overestimated to a greater extent by 
the two-compartment model in lighter weight, younger steers while. 
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Table 4. Body water predicted by a three-compartment model* 
Compartment Direct^ SE Sig 3-compC SE 
Total body water, % 56.5 1.2 / 53.4 1.1 
Empty body water, % 89.4 .4 *** 75.4 2.1 
Extracellular(one), % 28.6 4.2 
Intracellular(two), % 46.8 3.8 
Gastrointestinal(three). % 10.6 .4 *** 24.6 2.1 
Total body water as a percentage of live weight; water 
compartments expressed as a percentage of total body water; 
20 steers from slaughter groups 2 and 3. 
'^Chemical analysis. 
^Three-compartment model as described in text. 
^P<.1 when compared with direct method. 
P<.01 when compared with direct method. 
percentage empty body water and gastrointestinal tract fill was 
underestimated to a greater degree in lighter weight, younger steers. 
Total body water was underestimated in the 6-mo group but overestimated 
in the 12- and 18-mo groups when compared with the directly measured 
amount. The only interaction (P<.05) that occurred for the one-
compartment model was due to an overestimation of percentage 
gastrointestinal tract fill in the 6- and 18-mo groups, but not in the 
12-mo group. 
45 
Other approaches to calculating the two-compartment model were tried. 
If the value for empty body water as calculated directly from the two-
compartment kinetic model was not adjusted and if empty body weight, 
gastrointestinal tract fill and empty body fat were calculated as in the 
one-compartment model, then body composition estimated by the two-
compartment model was similar to body composition predicted by the one-
compartment model. Prediction of empty body fat by use of a regression 
equation relating empty body water to empty body fat was more accurate 
than estimating body fat by difference because all the errors in the 
method did not end up in the estimation of fat. A nonlinear least-
squares fitting routine (SAS, 1982a) was used to derive two-component 
exponential equations instead of a curve-peeling process as described by 
Byers (1979b). These equations resulted in greater errors in estimating 
empty body composition than equations obtained by the curve-peeling 
process. The nonlinear routine produced estimates of water in the 
contents of the gastrointestinal tract (QB, 13.1% of live weight) and 
empty body water (QA, 53.2% of empty body weight) that were less accurate 
than the estimates of the two-compartment model listed in table 6. 
While exact body composition was not accurately measured by the DgO 
methods, usefulness of the methods to detect relative differences in body 
composition was considered. A comparison of empty body composition 
between the large- and small-frame steers at 6 mo of age (table 5) was 
chosen because empty body composition did not differ between frame size 
at 12 and 18 mo of age (table 3). One- and two-compartment models both 
predicted the direction and magnitude of differences in empty body 
composition (table 5), but the variation was greater than in the direct 
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Table 5. Differences in empty body composition of large- and 
smal1 -•frame steers at 6 months of age as predicted by 
dilution of deuterium oxide 
% % % 
Method Item CP Water EE 
Large* 19.09 67.92 6.21 
Direct * *** *** 
Smair 18.49 63.83 11.05 
SE .18 .30 .58 
Large* 19.66 67.60 8.73 
One^ K * * * Smair 18.42 62.01 15.81 
Comp. 
SE .36 1.65 2.09 
H Large* 17.88 59.26 19.47 Two* / / 
Small® 16.06 53.33 27.05 
Comp. 
SE .64 2.12 2.69 
®Four steers/mean; one steer two-compartment calculations 
aberrant. 
^tive steers/mean. 
^One-compartment model as presented by Loy (1983). 
^Two-compartment model as presented by Byers (1979b). 
^P<.1 when comparing frame size within method. 
*P<.05 when comparing frame size within method. 
P<.001 when comparing frame size within method. 
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Table 6. Estimation of body composition from dilution of deuterium oxide 
by using one- and two-compartment models 
Item Direct SE One compr SE Two compT SE 
Live wt, kg^ 378 29 
E body wt, kg^ 348 29 
Gut fill, 
Gut water, 
8.7 
6.7 
.4 
.3 
381 
350 
9.0 
7.6 *** 
29 
28 
,3 
.3 
74 
76 
380 
354 
7.0 ** 
9.5 *** 
30 
28 
.20  
.29 
Water, 
Water, 
Water, 
Water, 
CP, 
EE, 
Ash, 
58.3 
58.3 
1.4 
1.4 
59.2 
total body 
1.5 .84 
58.2 
*** 1.4 
1.1 
.90 
.75 
66 .7  1 .4  
56.7 1.4 
16.7 .3 
21.4 1.9 
3.6 .1 
353 
empty body 
YTB :3Z-
17.3 * .4 .83 
22.4 2.0 .82 
3.9 * .1 .68 
30 17? TET 
52.3 *** 1.2 .61 
15.8 * .4 .59 
28.3 *** 1.6 .59 
3.6 .1 .62 
Loy (1983); 29 steers/mean, one steer aberrant. 
'^Byers (1979b); 28 steers/mean, two steers aberrant. 
''Direct: 30 steers; weight at slaughter. One compartment: 29 steers; 
weight at DgO dosing. Two compartment: 28 steers; weight at DgO dosing. 
^Empty body weight. 
^Gastrointestinal tract fill expressed as a percentage of live weight. 
^Water in gastrointestinal tract contents expressed as a percentage 
of live weight. 
^Percentage of live weight. Two compartment: QA + QB. 
'^Percentage of live weight. Two compartment: QAr + QB. 
^Percentage of empty body weight. Two compartment: QA. 
^Percentage of empty body weight. Two compartment: QAr. 
|/ 
Percentage of empty body weight. Two compartment: calculated on 
basis empty body water is QAr. 
ie 
P<.05 when compared with direct method. 
** 
P<.01 when compared with direct method. 
*** 
P< .001 when compared with direct method. 
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method. Thus, the degree of significance was lower for the one-
compartment model than for the direct method. Body composition predicted 
by the two-compartment model was not different (P<.05) between frame 
sizes. 
A three-component exponential curve more accurately described the 
disappearance curve of DgO in blood from the 20 steers in the 12- and 18-
mo age groups than a two-component exponential curve when sampling of 
blood started 2 min after dosing with DgO. The average mean-square error 
for the 20 steers for a two-component exponential curve was 6.6 X 10"*, 
while that for a three-component exponential curve was 2.2 X 10"*. 
Estimation of body water by the three-compartment model is presented in 
table 4. The three-compartment model predicted percentage total body 
water to be 5.5% less (P<.06) than directly measured value. The sum of 
compartments one and two did not equal (P<.001) empty body water and 
compartment three did not equal (P<.001) the amount of water in 
gastrointestinal tract contents. 
Discussion 
The two-compartment model of Byers (1979b) has been used to estimate 
body composition of beef steers (McCarthy et al., 1983a), pregnant beef 
cows (Thompson et al., 1983), and lactating and nonlactating dairy cows 
(Martin and Ehle, 1983). Ferrell and Jenkins (1984b) applied a similar 
two-compartment model to estimate body composition in nonpregnant, 
nonlactating beef cows. Twenty-three animals (four young calves, eight 
feeder steers, eight fat steers and three mature cows) were used by Byers 
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{1979b) to develop a two-compartment model. Coefficients of 
determination of .96 were obtained when empty body water in the 23 
animals, as measured directly, was correlated with empty body water 
estimated by either the two-compartment DgO method or specific gravity. 
When empty body water predicted by specific gravity was correlated to 
that predicted by the two-compartment DgO model, a .95 coefficient of 
determination was obtained. Byers (1979b) also compared the two-
compartment DgO method with specific gravity of carcasses to estimate 
body composition of eight Charolais and six Angus steers and found the 
two methods to compare favorably. 
McCarthy et al. (1983b) using 31 steers compared Byers (1979b) two-
compartment DgO method with specific gravity (Kraybill et al., 1952) and 
9-10-llth rib section (Hankins and Howe, 1946). Correlating percentage 
empty body protein as predicted by DgO with either specific gravity or 
rib section produced coefficients of determination of .53 and .52, 
respectively, while the coefficients of determination for percentage 
empty body fat were .28 and .50, respectively. Comparisons between 
specific gravity and rib section produced coefficients of determination 
of .35 for percentage protein and .23 for percentage fat. 
Problems with separating total body water into empty body water and 
water in the contents of the gastrointestinal tract using the two-
compartment model are indicated in research reported by Martin and Ehle 
(1983). Empty body composition in four cows estimated during lactation 
was similar to composition re-estimated approximately 10 d later after 
drying off the cows, with the exception of a 67% decrease in empty body 
fat and a 33% increase in gastrointestinal tract content water. Most of 
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the change in fat content could be accounted for by the change in 
estimation of water in the gastrointestinal tract contents. 
Ferrell and Jenkins (1984a) used DgO dilution with a two-compartment 
model in 48 nonpregnant, nonlactating, 9-yr-old cows to develop 
prediction equations by regressing QA and(or) empty body weight against 
empty body composition (without head and feet), which was measured 
directly. Use of these equations did not accurately (P<.01) predict 
composition in the 30 steers from the present experiment (table 7). 
Inclusion of empty body weight as an additional independent variable with 
QA improved the prediction of gastrointestinal tract fill and empty body 
ether extract. Ferrell and Jenkins (1984b) used their equations (Ferrell 
and Jenkins, 1984a) to estimate body composition of a separate group of 
48 cows. Their results indicated that, under submaintenance or near-
maintenance levels of energy intake, cows deposited body fat and lost 
body protein, which seems to be an unlikely situation. Ferrell and 
Jenkins (1984a) found gastrointestinal tract contents and QB were not 
correlated [gastrointestinal tract fill (kg) = .23 QB + 94; SE slope = 
.13; SE intercept = 12; residual standard deviation (RSD) = 15.4; = 
.07]. These variables were not correlated in the present experiment 
[gastrointestinal tract fill (kg) = .29 QB + 20.7; SE slope = .09; SE 
intercept = 3.5; RSD = 8.5; R^ = .28], but were correlated in the 
experiment of Byers (1979b) [gastrointestinal tract fill (kg) = .83 QB -
3.1; R^ = .74]. The divergence of these three equations indicates that 
gastrointestinal tract fill is not well-predicted from QB and is subject 
to a large degree of variation among different diets and animals. These 
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Table 7. Evaluation of other two-compartment models in predicting 
empty body composition 
Component Direct* SE QA QB^ sig SE 
QA QB_ 
w/wt Sig SE 
Gut fill, 8.7 .4 32.8 *** 2.9 8.37 .2 
E body water, 56.7 1.4 54.3 * L9 52.7 *** 1.6 
E body EE, 21.5 1.9 50.0 *** 3.6 26.0 ** 2.3 
E body FFDM, f 20.3 .4 22.2 *** .8 21.5 ** .6 
®30 steers; body composition by chemical analysis. 
^Equations developed by Ferrell and Jenkins {1984a); 
gastrointestinal tract fill predicted from QB; empty body water, 
ether extract and fat free dry matter predicted from QA. 
^Equations developed by Ferrell and Jenkins (1984a); 
gastrointestinal tract fill predicted from QB and live weight; empty 
body water, ether extract, and fat free dry matter predicted from QA 
and empty body weight. 
^Gastrointestinal tract fill as a percentage of live weight. 
®Empty body component as a percentage of empty body weight. 
FFDM = fat free dry matter. 
P<.05 when compared with direct method. 
P<.01 when compared with direct method. 
P<.001 when compared with direct method. 
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equations indicate the two-compartment kinetic model is measuring QB to 
be more than water in gastrointestinal tract contents. The relationship 
between QA and directly measured empty body water was highly correlated 
in all three experiments, but predict different values (tables 6 and 7) 
and have different slopes as suggested by the standard errors of the 
slopes. These relationships were, Byers (1979b), EBHgO (kg) = 1.038 QA -
17.92 (RSD = 10.9; = .96), Ferrell and Jenkins (1984a), EBHgO (kg) = 
.773 QA + 27.4 (SE slope = .035; SE intercept = 10.3; RSD = 11.0; R^ = 
.92), and from the present experiment, EBHgO (kg) = .869 QA + 20.4 (SE 
slope = .047; SE intercept = 9.5; RSD = 17.2; R^ = .93). It is evident 
the two-compartment kinetic model, while theoretically an improvement 
over the one-compartment model because of its separation of total body 
water into water in the contents of the gastrointestinal tract and empty 
body water, did not accurately describe the equilibration process of 
water in the ruminant and did not relate to these anatomical water 
compartments. The use of regression equations to adjust this error to 
the proper values seems to be subject to enough variation between groups 
of animals that this approach makes the two-compartment model of no 
greater value than the one-compartment model in predicting body 
composition. 
A three-compartment model would be expected to be potentially more 
accurate than a two-compartment model, however, this was not true. In 
the present experiment, no measurements of extracellular and 
intracellular water volumes were made. Degen and Young (1980) measured 
the extracellular, intracellular, and reticulo-rumen water in sheep to be 
41, 45, and 14%, respectively, of total body water. Only the 
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intracellular compartment (table 4) was similar to their results. 
Correlating carcass crude protein and the volumes of compartments one, 
two, or three produced correlation coefficients of .05, .56, and .03, 
respectively, indicating compartment two was more related to carcass 
protein (thus muscle) than the other compartments, but this relationship 
is too low for predictive value. Equations developed by Odwongo et al. 
(1984), predicting body composition from a three-compartment model, were 
applied to the 20 steers. Underestimation (P<.001) of total body water 
(18%), gastrointestinal tract fill (13%), empty body crude protein (27%), 
and ash (27%) occurred. Empty body water was underestimated (P<.05) by 
9% while empty body fat was overestimated (P<.001) by 40%. While these 
equations were developed with four dairy bulls and 10 lactating dairy 
cows, the magnitude of error raises concern about using regression 
equations to adjust a model that does not adequately describe the water 
equilibration process. More data on the movement of water in the 
ruminant animal need to be obtained before such models can be developed 
to predict body composition. 
For the present, the one-compartment model offers a means of making 
repeated measurements of body composition of an animal. Limitations in 
use of the one-compartment model are errors involved in estimation of 
water in gastrointestinal contents and gastrointestinal tract fill. If 
experimental treatments applied to cattle do not affect gastrointestinal 
tract fill or the amount of water in the contents, the one-compartment 
model should enable relative changes in body composition to be 
determined. Nagy and Costa (1980) discussed some sources of errors in 
using isotopes to measure water fluxes in animals that are pertinent to 
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measuring total body water. In the 30 steers used in the present 
experiment, overestimation of total body water was 6.9%, whereas 3.2% 
overestimation was observed by Robelin (1982) and 7.6% by Pfau and Salem 
(1972). The degree of overestimation was higher when a single blood 
sample was used to calculate total body water (12%, Bird et al., 1982; 
15%, Carnegie and Tulloh, 1968; 16%, Meissner et al., 1980; 20%, Little 
and McLean, 1981). Culebras and Moore (1977) calculated that the 
possible maximum upward distortion of total body water estimation was 
5.22% due to exchangeable hydrogen, but concluded, based on rat studies, 
that the actual error due to nonaqueous exchangeable hydrogen is less 
than this maximum. Panaretto and Till (1963) concluded, on the basis of 
values in the literature, overestimation due to exchangeable hydrogen was 
3%. Sheng and Muggins (1979) stated in a review of studies dealing with 
body composition that exchangeable hydrogen can account for .5 to 2.0% of 
total body water. 
Estimation of empty body protein and ash from empty body water is 
based on the assumption that relationships between water and protein and 
water and ash are constants. Sheng and Muggins (1979) and Shebaita 
(1977) reviewed the constancy of water in the fat-free body for several 
species. The 73.2% water in the fat-free body seems to be true in 
general, but a lot of variation exists between different species (63% to 
80%); less variation exists within a species. Evaluating the constancy 
of CPzHgO and ashiMgO ratios is the same as evaluating the constancy of 
water in fat-free tissue. If constants, these ratios enable calculation 
of protein and ash directly from an estimate of water. Carcass and empty 
body is composed of tissues that have different ratios of CP:H20 and 
ashzHgO (Arnold, 1980). Thus, if different proportions of these tissues 
occur at different live weights or between breeds of cattle, these ratios 
may differ. In the 30 steers used in the present experiment, however, 
ratios of CPiHgO and ashzHgO of the empty body were not significantly 
different between large- and small-frame size steers. The CPiHgO ratio 
did differ (P<.05) between slaughter groups due to the five large-frame 
steers in the 18-mo-old group having a high ratio. The ashzHgO ratio did 
not differ due to age. 
The CPiHgO and ashiHgO ratios in the empty body were calculated from 
data presented by various researchers (Trowbridge et al., 1918, 1919; 
Moulton et al., 1922, 1923; Haigh et al., 1920; Haecker, 1920; 
Ellenberger et al., 1950; Garrett and Hinman, 1969; Garrett et al., 1971; 
Simpendorfer, 1973; Foot and Tulloh, 1977; Williams, 1978; Arnold, 1980) 
and from the present experiment. These data represent body composition 
as measured by direct chemical analysis in 458 head of cattle, which 
range from fetuses to 7- to 9-yr-old cows and represent many different 
breeds. Because some experimenters reported data for individual animals 
while others for groups of animals, weighted means and weighted linear 
regressions were performed. It is clear that ratios change after birth, 
but it becomes somewhat subjective when these ratios become constants. 
Criteria used to evaluate changes in protein and ash to water ratios due 
to empty body weight and age were degree of change of slopes from 
regression analyses between successive weight groups, statistical 
2 differences of the slopes from zero, regression R , degree of change of 
the ratios between successive weight groups, as well as change in 
intercepts between weight groups. The CPiHgO ratio increased 3 to 4% 
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with either, increasing age or empty body weight. The ashzHgO ratio 
increased 10% with increasing age but approached a constant of .0710 (SE 
= .0005) above 150 kg empty body weight. Effect of age on these ratios 
was more pronounced in cows that were several years old. Thus, linear 
regression analysis was performed after removing cattle that were older 
than 20 mo of age (table 8). After removal of cattle older than 20 mo of 
age, the CPzHgO ratio approached a constant of .3018 (SE = .0005) above 
175 kg empty body weight and the ashzHgO ratio approached a constant of 
.0668 (SE = .0002) above 50 kg empty body weight. Values of the CPiHgO 
and ashiHgO ratios for cattle older than 20 mo of age obtained by linear 
regression were .3178 (SE = .0017; slope = 2.6 X 10'^; probability of 
hypothesis that slope is zero = P<.19; = .04) for CPiHgO and .0839 (SE 
= .0008; slope = -1.9 X 10'^; probability of hypothesis that slope is 
zero = P<.03; = .11) for ashiHgO. These ratios are less reliable to 
estimate body composition of older cattle because of the three to four 
times larger standard error of these ratios and fewer cattle (85) were 
used to derive these ratios. There would seem to be some error in using 
a constant ratio to determine the empty body protein content of cattle 
having empty body weights of less than 175 kg. The CPiHgO ratios for 
cattle having an empty body weight between 75 and 175 kg can be 
calculated by the equation; CPzHgO ratio = (.00021)(empty body weight in 
kg - 75) + .281. In this equation, average CP-.HgO ratio (.281) for 
cattle between 75 and 100 kg empty body weight was assumed to be the 
value for cattle having an empty body weight of 75 kg, and the ratio of 
.302 was assumed to be the ratio at 175 kg empty body weight. 
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Table 8. The constancy of the crude protein-.water and ashrwater ratios 
as evaluated by regression of the ratios versus empty body 
weight 
Item 
10 50" 
Empty body weight (kg) 
1015 150 175 200 250 300 350 500" 
No. cattle 
Intercept 
Slope X 10 -5 
Slope=0 P< 
Ratio avg 
Intercept 
Slope X 10"-
Slope=0^ P< 
Ratio avg 
373 345 292 273 245 277 203 165 47 
CPrwater 
34 
.30 .26 .24 
1.2 10.5 13.6 
,683 .011 .090 
.01 .58 .55 
,303 .302 .304 
.26 .27 .28 .28 .30 .29 .30 
11.9 8.4 5.8 5.0 2.2 2.4 1.7 
.0001 .0001 .0001 .0011 .173 .158 .383 
.49 .53 .29 .22 .05 .06 .03 
.291 .295 .299 .300 .302 .302 .303 
Ash:water 
.064 .067 .069 .070 .072 .072 .072 .064 .073 .079 
1.0 -.2 -.6 -.9 -1.6 -1.6 -1.5 .4 -1.3 -2.7 
.10 .68 .32 .19 .07 .11 .23 .78 .34 .41 
.041 .003 .019 .039 .086 .078 .060 .005 .113 .171 
.0659 .0668 .0669 .0670 .0671 .0669 .0667 .0657 .0667 .0666 
See text for data references. 
'Test for hypothesis that slope equals zero. 
58 
A regression of empty body fat vs empty body water was performed 
using data from the present experiment and data reported for individual 
animals (Trowbridge et al., 1918, 1919; Haecker, 1920; Moulton et al., 
1922, 1923; Ellenberger et al., 1950; Simpendorfer, 1973; Arnold, 1980). 
The equation: percentage empty body fat = 94.27 - (1.267)(percentage 
empty body water); (SE slope = .013; SE intercept = .80; RSD = 1.25; = 
.98), resulted when cattle between the ages of 4 to 20 mo (173 head) were 
included. The addition of a quadratic component of empty body water did 
not improve the equation. 
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SUMMARY 
Modifications of a procedure utilizing sample purification by 
lyophilization and automated analysis by infrared photometry were 
necessary to accurately measure the deuterium oxide content of various 
tissues and gastrointestinal tract contents of ruminants. Volatile fatty 
acids produced in the digestive tract of ruminants interfered with the 
measurement of deuterium oxide by infrared analysis. The volatile fatty 
acids were removed from samples by making the pH of the samples basic 
prior to lyophilization of the samples. Contaminants in water extracted 
from tissues by lyophilization necessitated frequent cleaning of the flow 
cell. The addition of activated charcoal before lyophilization of 
samples allowed removal of the contaminants. The precision (S^) attained 
with this procedure was 3 to 6 mg/1 for the range of deuterium oxide 
concentrations between 120 and 800 mg/1. 
(Keywords: Deuterium Oxide Analysis; Infrared Photometry; Lyophilization) 
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INTRODUCTION 
A recent procedure (2) modified with an automated sampling technique 
(5) enables rapid measurement of tracer levels of deuterium oxide in 
biological fluids. This has led to increased usage of deuterium oxide to 
estimate body water content of animals. It has been determined (1) that 
current methods of using deuterium oxide kinetics to separate water in 
gastrointestinal contents from tissue water in ruminants are not 
accurate. In attempts to evaluate the reasons for this inaccuracy, 
problems have been encountered in measuring the deuterium oxide content 
in certain samples removed from ruminants. When cattle were given a 
single dose of deuterium oxide, the measured concentrations of deuterium 
oxide in gastrointestinal tract contents were observed to be as much as 
70% greater than the measured concentration of deuterium oxide in blood 
sampled at the same time. This was observed to occur primarily in cattle 
fed a predominantly grain diet. Short-chain volatile fatty acids, which 
are produced in the fermentative process in the rumen, are affected by 
the type of diet fed. The concentrations of acetic acid, propionic acid, 
and butyric acid in the rumen increased when ruminants consumed high-
grain diets as opposed to high-roughage diets, but propionic acid and 
butyric acid increased proportionally more than acetic acid (13). It was 
hypothesized that the volatile fatty acids produced in the 
gastrointestinal tract of ruminants interfered with the measurement of 
deuterium oxide by infrared photometry. Volatile fatty acids have been 
removed from tritiated plasma samples during lyophilization by using 
sodium carbonate (6) to make the plasma alkaline in order to prevent 
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volatilization of the acids during lyophilization. It was also observed 
that water extracted by lyophilization from tissues was cloudy, 
indicating that contaminants were present. The degree of cloudiness was 
greater in tissues of high fat content than in tissues of low fat 
content. The purposes of this paper are to present the modifications 
that enabled the accurate measurement of deuterium oxide in these samples 
and to present the precision obtainable with the assay for the 
concentrations of deuterium oxide normally used in experiments in which 
deuterium oxide is used as a tracer. 
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EXPERIMENTAL 
Apparatus 
The procedures and equipment used were essentially those presented 
elsewhere (2, 5) with exceptions as indicated. 
Lyophilization 
A rectagular bath (76 cm X 15 cm X 18 cm) insulated with Styrofoam 
(5.1-cm thickness) was constructed from galvanized sheet metal. A lid 
(60 cm X 90 cm) was constructed from .64-cm hardboard and insulated with 
Styrofoam (5.1-cm thickness) to allow two rows of 11 vacuum traps (Curtin 
Matheson No. 233-114) to be introduced into the bath. One end of the 
bath was fitted with a removable lid to allow shell freezing of the 
flasks containing the sample. The bath was filled with 14 1 of methanol, 
which was kept refrigerated at -84 C by a flexible cooling probe (FTS 
Systems model -P2) attached to a Liquid Cooler (FTS Systems model LC-
100). The vacuum traps were attached by vacuum tubing to a vacuum 
manifold constructed from a 76-cm length of 5.1-cm-diameter PCV pipe into 
which 13-mm valves (Labconco No. 75900) were tapped. Liquid samples were 
lyophilized from 50-ml volumetric flasks, and nonliquid samples were 
lyophilized from 500-ml round-bottom freeze-drying flasks (Labconco No. 
75608) connected to vacuum traps by vacuum tubing. After the flasks were 
connected to vacuum traps, the traps were evacuated to purge the trap of 
atmospheric water before being placed in the methanol bath. 
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Infrared photometry 
A Miran I 4-pm fixed-filter infrared analyzer (Foxboro Analytical 
model No. 063-5651) with a calcium fluoride flow cell (Foxboro Analytical 
No. 0067024) with .2-mm spacers was used for deuterium oxide analysis. A 
water-jacketed cell holder was constructed from a block of aluminum metal 
(7.5 cm X 7.2 cm X 1.7 cm) by boring out the center to accommodate the 
cell and boring passageways around the periphery of the block. The block 
was attached to the back plate of a standard cell mount (Foxboro 
Analytical No. 018-5321). Equilibration of temperature between the cell 
and cell holder was facilitated by filling empty spaces with heat sink 
compound. A thermostatically controlled heater and circulating pump (B. 
Braun model Thermomix 1480 BKU) mounted on an 18-1 stainless-steel bath 
(B. Braun, No. 850208/0) was used to pump water, regulated at a constant 
temperature, through the cell holder. The thermostat was adjusted so the 
temperature of the water in the bath was the same as room temperature. 
An automated sampling system (5) consisting of an AutoAnalyzer 
sampler (Technicon model II) and proportioning pump (Technicon model I) 
was used to deliver the sample to the infrared analyzer. The pump tubing 
used for sampling had a flow rate of 2.0 ml/min while the pump tubing for 
drawing sample through the flow cell had a flow rate of 1.6 ml/min. 
Triton X-100 was used as the surfactant in the rinse water at a 
concentration of 1 ml/I. A sampling cam of 50 samples per hour with a 
1:2 sample to wash ratio was used. To assure that the temperature of the 
sample stream was the same as the flow cell, a 20-cm length of 
transmission tubing was passed through a side-arm test tube through which 
water returning from the flow cell holder to the circulator bath was 
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passed. A small plug of glass wool placed in a glass 'T' debubbler was 
used to filter the water stream before entry into the flow cell. 
Cleaning of the cell was accomplished by alternately forcing and 
drawing air bubbles and triton X-100 rinse water through the cell with a 
syringe. When installing or removing the cell from the cell holder, heat 
sink compound would often adhere to parts of the cell that would block 
the light path. Detergent, water, and a soft bristle brush were found to 
be adequate in removing heat sink compound without harming the cell. 
A Hewlett-Packard Reporting Integrator (model 3390A) was used to 
record absorbance. The infrared analyzer was set at high gain, 
absorbance range of 0 to .1 and a 40-s integration response time. A 
voltage divider was constructed with a variable resistor to reduce by 
1000-fold the output of the infrared analyzer to the integrator. By 
adjusting the variable resistor, greater sensitivities were obtainable. 
Duplicate analysis was achieved by allowing the sampler tray to rotate 
twice. A set of standards was run in each tray. Peak heights of 
standards were regressed against the known concentrations of standards, 
and concentration of samples was determined from the regression equation. 
Procedures 
The effect of individual volatile fatty acids upon infrared analysis 
and their removal by the addition of sodium carbonate to samples before 
lyophilization was evaluated. Three solutions of acetic acid (45.2, 
50.9, and 56.9 mM), three solutions of propionic acid (10.4, 15.9, and 
21.8 mM) and three solutions of butyric acid (5.4, 10.5, and 15.2 mM) 
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were made up to approximate the concentrations of these acids that were 
measured in the rumen of sheep consuming diets containing 100%, 40%, or 
10% hay (13). In addition three solutions that were approximately of the 
same concentration (26.6 mM acetic acid, 25.2 mM, propionic acid, and 
25.5 mM butyric acid) and a solution (30.6 mM) that was 1.5 times the 
highest concentration of propionic acid that was measured in the sheep 
were also made up. Sufficient quantities of deuterium oxide were added 
to each of these solutions to make a final concentration of deuterium 
oxide of 200 mg/1. Duplicate 10 ml of all the solutions except the three 
equal-molar solutions were lyophilized both with and without .3 g of 
sodium carbonate. Measurement of deuterium oxide was then made on all 
the lyophilized solutions and the three equal-molar solutions. After the 
measurement of deuterium oxide was completed, the duplicate samples were 
pooled and the pH of the solutions were measured. 
Four cattle with ruminai, duodenal, and ileal cannulae were fed diets 
in a cross-over design containing 50% or 10% cob with the remainder being 
primarily maize grain. Two sheep with ruminai cannulae were fed a diet 
containing 50% alfalfa hay and 50% maize grain. The animals were given a 
single dose (.19 g deuterium oxide per kg live weight) of deuterium 
oxide. An average of thirty samples of blood, 11 samples of urine, 12 
samples of feces, 30 samples of ruminai contents, 21 samples of duodenal 
contents, and 14 samples of ileal contents were removed from each of the 
cattle over a 72-h period after the deuterium oxide was dosed. Thirty-
two samples of blood and 31 samples of ruminai contents were removed from 
each sheep over a 90-h period after deuterium oxide was dosed. Water was 
extracted from the samples by lyophilization and analyzed for deuterium 
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oxide by infrared photometry. Sodium carbonate was added to the 
extracted water in sufficient quantities (approximately .03 g/ml) to make 
the water alkaline. The samples were lyophilized a second time and 
analyzed for deuterium oxide. The measured concentrations of deuterium 
oxide were averaged across sampling times for each gut contents for each 
animal by diet. Comparisons for statistical differences between the 
measured concentrations of deuterium oxide before the addition of sodium 
carbonate and the measured concentration after the addition of sodium 
carbonate were made by Student's t-test (12). 
Tissue samples were removed from 9 cattle and 19 sheep that had been 
given a single dose of deuterium oxide. Water was extracted from the 
tissues by lyophilization for analysis of deuterium oxide. After 
extraction, the water samples were cloudy. In an attempt to remove the 
contaminants, activated charcoal was added to the water extract, and 
lyophilization was performed a second time. 
The degree of isotopic separation was evaluated to determine if 
samples need to be lyophilized to completion. A solution was made up to 
a concentration of 500 mg/1 of deuterium oxide and aliquots were 
lyophilized to different degrees of completion. One 10-ml aliquot was 
lyophilized for 30 min, three 10-ml aliquots were lyophilized for 90 min, 
one 10-ml aliquot was lyophilized for 110 min, and seven 10-ml aliquots 
were lyophilized to completion. The concentrations of deuterium oxide 
were measured in both the water that was collected in the vacuum traps 
and the water remaining in the volumetric flasks. The degree of isotopic 
separation due to adsorption onto activated charcoal was also evaluated. 
One gram of activated coconut charcoal (10 mesh) was added to 10-ml 
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aliquots of. solutions made up to contain either 192 or 800 mg deuterium 
oxide per liter and allowed to set at room temperature for 2 days. The 
aliquots were then lyophilized either with or without the charcoal. The 
procedure was performed in 6 replicates for both deuterium oxide 
solutions and the concentration of deuterium oxide was measured in the 
lyophilized water. The Student's t-test (12) was used to determine if 
statistical differences in deuterium oxide concentration occurred due to 
isotopic separation. 
To evaluate the precision of the assay, standards having a deuterium 
oxide concentration of 120, 200, 400, and 800 mg/1 were each analyzed in 
13 replicates and the coefficient of variation was calculated at each 
concentration. These analyses were repeated four times and the average 
coefficient of variation was calculated. A linear calibration 
calculation (12) was made on 85 standard curves measured over a 4-mo 
period. The linear calibration calculation was used to provide a measure 
of the precision of the predicted deuterium oxide concentration (S^) 
obtained at the mean concentration for the standards used to produce the 
regression. The average coefficient of determination and the average 
linear calibration calculation were calculated for standard curves with 
similar ranges of standards. 
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RESULTS AND DISCUSSION 
Volatile Fatty Acid Interference 
Acetic, propionic, and butyric acids absorbed infrared in direct 
proportion to their concentrations, with no differences evident between 
acids (figure 1). Spectral analyses (8) of most carboxylic acids show 
that these acids exhibit a similar degree of infrared absorption at 4 pm. 
The absorption due to the 0-H stretch of the carboxylic group occurs in a 
broad peak at 3.6 pm, which ranges from 3 to 4 pm; thus, at 4 pm, the 
shoulder of the peak would be measured. Making the solution alkaline by 
the addition of sodium carbonate before lyophilization evidently 
prevented the volatilization of these acids and, thus, prevented the 
collection of the acids in the extracted water (figure 1). The pH of the 
volatile fatty acid solutions were less than 4.0, but when sodium 
carbonate was added the pH was over 8.0. After lyophilization of the 
solutions with the added sodium carbonate, the pH of the extracted water 
was around 5.5, which was similar to the pH of the water used to make up 
the solutions. The pH of the water extracted by lyophilization of the 
volatile fatty acid solutions without the addition of sodium carbonate 
were less than 4.0. The pKa of acetic, propionic, and butyric acids is 
4.8 (14). The total quantities of volatile fatty acids in the solutions 
were collected in the vacuum traps when lyophilized in the acidic state; 
the equal-molar solutions (approximately 26 mM) that were not lyophilized 
absorbed (figure 1) infrared proportionally to concentration of volatile 
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fatty acid to a similar extent as solutions of volatile fatty acids that 
were lyophilized without sodium carbonate. 
Impurities were present in water extracted from gastrointestinal 
tract contents as evidenced by an odor and a greater measured 
concentration of deuterium oxide than present in blood. After additions 
of sodium carbonate to the water and lyophilizing a second time, the odor 
was removed, and lower measured concentrations of deuterium oxide were 
observed for some samples removed from the gastrointestinal tract. The 
average measured deuterium oxide concentrations for the various samples 
when the four cattle were consuming both diets are presented in table 1. 
With the exception of duodenal contents, overestimation of deuterium 
oxide occurred only for water extracted from samples removed from the 
gastrointestinal tract of cattle fed a predominantly maize grain diet. 
When the steers were consuming the 50% cob diet, the measured 
concentration of deuterium oxide in duodenal contents decreased (P<.05) 
67 mg/1 after sodium carbonate was added. When the steers were consuming 
the 10% cob diet, the measured concentration of deuterium oxide decreased 
(P<.05) 88 mg/1 for ruminai fluid, decreased (P<.05) 37 mg/1 for duodenal 
contents, decreased (P<.10) 36 mg/1 for ileal contents, and decreased 
(P<.05) 102 mg/1 for water extracted from fecal samples after the 
addition of sodium carbonate. The measured concentrations of deuterium 
oxide in water extracted from blood and urine from cattle fed either diet 
and in water extracted from ruminai contents, ileal contents, and feces 
of cattle fed the 50% cob diet decreased by 14 mg/1 or less. This small 
change may have been due to impurities, but was not statistically 
significant and was close to the precision of the assay. The average 
Figure 1. The effect of volatile fatty acids upon the determination of 200 mg/1 
deuterium oxide standards by infrared analysis after lyophilization 
either with or without the addition of sodium carbonate 
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Table 1. Concentration of deuterium oxide measured in samples from 
steers before and after the addition of sodium carbonate 
during lyophilization 
Sample 50% Cob Diet 10% Cob Diet Standard 
mg/1 mg/1 error 
Before After Before After 
Blood 391 382 434 423 12 
Rumen 259 246 359 271 * 7 
Duodenum 394 327 * 395 358 * 12 
Ileum 331 326 360 324 / 14 
Feces 286 279 428 326 * 9 
Urine 313 302 343 329 8 
®Average concentration of deuterium oxide in samples removed from 4 
cattle. 
^ P<.10, differs from the mean concentration before the addition of 
sodium carbonate. 
* P<.05, differs from the mean concentration before the addition of 
sodium carbonate. 
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decreases tn measured deuterium oxide concentrations in water extracted 
from blood and ruminai contents were 1 and 58 mg/1, respectively, for the 
two sheep fed a diet containing 50% alfalfa hay and 50% maize grain. 
Attempts were not made to directly identify the contaminant(s) in water 
extracted by lyophilization from gastrointestinal tract contents, but 
volatile fatty acids would be a likely possibility. It is not clear why 
the high grain diets produced a greater overestimation of deuterium oxide 
concentration in samples removed from the animals than the low-grain 
diets. It has been commonly observed that, when ruminants are fed high-
grain diets, the pH of the rumen is lower than when fed high-roughage 
diets (3). In one experiment (10), the pH of ruminai contents, over a 
24-h period, of cattle fed ground alfalfa-grass hay ranged between 6.0 
and 7.3, whereas pH ranged from 5.7 to 6.1 when the cattle were fed an 
all-grain diet. Although the pH was higher for the roughage fed cattle, 
it was still usually acidic and, thus, would not prevent the 
volatilization of the volatile fatty acids during lyophilization. The pH 
of digesta samples were not measured in the animals reported in this 
paper. The animals were allowed feed ad libitum, which would have 
minimized fluctuations in rumen pH. No pattern in the degree of 
overestimation of deuterium oxide was observed that would relate to 
feeding habits of the animals. When ruminants are fed high grain diets, 
the total concentration of volatile fatty acids are higher than when high 
roughage diets are fed (13). The samples were stored on ice for several 
hours after being collected from the animals before being frozen. Some 
fermentation could have taken place in the samples during this period of 
time which could have contributed to the extent of overestimation. 
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Effect of Other Contaminants 
Tissue samples containing high levels of fat produced water extracts 
that were more cloudy than water extracts from tissues containing low 
levels of fat. These cloudy water extracts had a rancid-like odor that 
intensified over a few days at room temperature. These impurities did 
not interfere with infrared absorbance of deuterium oxide but the degree 
of variation between replicates was greater and the flow cell required 
more frequent cleaning. Water was extracted from tissues removed from an 
animal not dosed with deuterium oxide, and no detectible absorbance was 
measured. The addition of approximately 1 g of activated coconut 
charcoal (10 mesh) usually was sufficient to remove the impurities from 
10 ml of extracted water within 2 days at room temperature. The water 
was then separated from the charcoal by lyophilization. 
The average concentration of deuterium oxide in water that was 
collected after partial lyophilization was 486 mg/1 with a standard error 
(SE) of 3 mg/1 while the concentration of deuterium oxide in the water 
that remained in the flasks was 502 (SE 3) mg/1. The average 
concentration of deuterium oxide for the seven samples lyophilized to 
complete dryness was 490 (SE 2) mg/1. The 4 mg/1 lower concentration in 
the collected water after partial lyophilization than the average of the 
samples lyophilized to completeness was not a significant decrease. The 
12 mg/1 greater concentration in the water that remained in the flask was 
significant at the P<.01 level. Differences in concentration of 
deuterium oxide were not evident between the lengths of times the samples 
were lyophilized. While some separation of isotopes was evident in the 
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water that remained in the flasks, the amount of overestimation was close 
to the precision of the assay. No separation of isotopes was evident in 
the collected water, which would be the fraction used for the measure of 
concentration of deuterium oxide, thus, lyophilization to complete 
dryness would not be essential. Isotopic separation has been observed 
(4) to occur for different procedures due to the difference in properties 
of the hydrogen and deuterium atom. In processes involving vaporization 
of water such as the formation of frost or distillation, the water coming 
off in the vaporous state had a lower density while the water remaining 
had a higher density. During freezing, the ice that was formed first was 
higher in density while the water that froze last had a lower density. 
An increase in density would correspond to an increase in concentration 
of deuterium oxide. 
Separation of isotopes due to adsorption to charcoal did not occur 
(P>.10). The average concentration of deuterium oxide for the 192 or 800 
mg/1 solutions were 193 (SE 1) and 802 (SE 6) mg/1 when charcoal was 
added but not lyophilized, 194 (SE 1) and 800 (SE 3) mg/1 when the added 
charcoal was lyophilized with the solution and 192 (SE 1) and 798 (SE 3) 
mg/1 when charcoal was not added. Thus, the charcoal would not need to 
be lyophilized with the sample. Water adsorbed onto charcoal or silica 
gel was found (7) to have an increase in density. 
Contamination of lyophilized water with dried blood or sodium 
carbonate, which were pulled over from the volumetric flasks during 
lyophilization, also occurred. The presence of red blood cells did not 
seem to interfere with infrared absorption. Sodium carbonate solutions 
were found to absorb infrared at 4 pm proportionally to concentration. 
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The degree of absorption for a sodium carbonate solution of 1 mg/ml 
corresponded to a concentration of deuterium oxide of approximately 12 
mg/1. Absorption of infrared by the bicarbonate ion has been reported 
(9) to occur between 3.7 to 4.1 pm. Thus, when particulate matter was 
pulled over and contaminated the lyophilized water, the samples had to be 
lyophilized a second time. 
After prolonged use of the infrared analyzer, the peaks plotted by 
the integrator were frequently rounded instead of being sharp. Cleaning 
of the cell corrected the problem. The presence of impurities in water 
extracts required the cell to be cleaned more frequently and increased 
the variation between replicate analyses. Caution must be exercised as 
to what solutions are used to clean the cell. Although calcium fluoride 
seemingly is resistant to most chemicals except ammonium salts (11), 
damage to the precision-sealed flow cell was sustained when either 
acetone or dilute hydrochloric acid were used as cleaning solutions. The 
precision-sealed calcium fluoride cell, as noted previously (2), tended 
to leak after prolonged use unless the edges of the cell were glued. 
Contact cement and quick-drying epoxy glues were found unsuitable, but 
slow-drying epoxy glues were found adequate. 
The precision suggested (2) for the analysis of deuterium oxide by 
manually injecting the sample into the flow cell was 1 mg/1. The 
coefficient of variation with the use of an automated sampling system (5) 
has been determined to be less than 1% at all standard concentrations. 
The coefficient of variation in the procedure described in this paper was 
1.9% at deuterium oxide concentrations of 120 mg/1, 1.7% at 
concentrations of 200 mg/1, 1.5% at concentrations of 400 mg/1, and 1.2% 
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at concentrations of 800 mg/1. The concentration of deuterium oxide in 
most samples usually fell in a range between 120 to 800 mg/1 when the 
animals were injected with .2 g deuterium oxide per kg live weight. 
The precision of the estimated deuterium oxide concentration (S^) 
predicted by using the linear calibration calculation averaged 3 mg/1 for 
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39 standards curves (r = .9990) with standards ranging between 120 and 
2 400 mg/1 and averaged 6 mg/1 for 34 standard curves (r = .9994) with 
standards ranging between 160 and 800 mg/1. 
In order to measure deuterium oxide concentrations near background 
levels, the voltage output from the voltage divider was increased so that 
a 320-mg/l deuterium oxide standard caused full-scale usage of the 
integrator chart. This increased the sensitivity so standards as low as 
10 mg/1 were measurable. A 5-mg/l standard was detectable, but was more 
variable. The precision (S^) as determined by the linear calibration 
calculation of 11 standard curves for the concentration of deuterium 
oxide from 10 to 320 mg/1 was 2 mg/1, with an average coefficient of 
determination (r^) of .9995. The precision (Sj) obtainable (3 to 6 mg/1) 
using the described technique for the range of deuterium oxide 
concentrations usually encountered in biological systems would be 
adequate, but to achieve this degree of precision precautions must be 
taken to keep the flow cell clean and to remove contaminants from 
samples. 
Application of Method 
Although contaminants that interfered with deuterium oxide analysis 
were not present in all samples, it is advisable to treat all samples in 
a similar manner because of the uncertainty of the source of the 
contaminants. Thus, the routine procedure adopted for lyophilization of 
water from tissues and digesta samples that contain solids was to first 
extract water by lyophilization, add sodium carbonate and charcoal to the 
extracted water, and then perform a second lyophilization. The routine 
procedure adopted for liquid samples such as blood, urine, or ruminai 
fluid was to add sodium carbonate to the samples before lyophilization. 
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SUMMARY 
The volumes of water in the rumen of four steers were increased 
(P<.01) 47% when the level of ground cobs in the diet fed to the steers 
was changed from 10% to 50%. The difference in gut water content due to 
diet was not accurately (P>.10) estimated by deuterium oxide dilution 
using either one-, two-, or three-compartment models. Gut water was 
overestimated and empty body water underestimated when calculated by two-
compartment models. The proportions of total body water within each 
compartment of a three-compartment model were quite variable between 
steers. The components of a four-component-exponential equation did not 
properly relate to the greater volume of water in the rumen. When the 
two-compartment model was solved on the basis of measurements taken from 
either compartment, different compartment volumes were obtained. This 
indicated that the two-compartment model did not accurately describe the 
water equilibration process. Water in the contents of the proximal 
duodenum and terminal ileum equilibrated with blood in 30 min (range 10 
to 75 min), fecal water equilibrated in 4.3 h (range 1.7 to 6.7 h), and 
water in ruminai contents equilibrated in 8.3 h (range 3.8 to 12.5 h). 
Diet did not affect (P>.10) equilibration time or the mean retention time 
of water in the gastrointestinal tract. Mean retention time was much 
longer than equilibration time; thus, the equilibration of water in the 
gastrointestinal tract contents was primarily dependent upon movement of 
water across the gut mucosa and not upon the flow of water through the 
gut. One-third of the water in the contents of the gastrointestinal 
tract was located outside the rumen. Compartmental modeling based only 
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upon DgO disappearance from blood did not enable either gut water or 
rumen water to be accurately estimated. 
(Key Words: Deuterium Oxide Equilibration, Gastrointestinal Tract Water, 
Compartmental Models, Cattle.) 
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INTRODUCTION 
Estimating body composition of farm animals by deuterium oxide (DgO) 
dilution is appealing on the basis of savings of cost, time, and labor as 
well as allowing repeated body composition measurements to be performed 
on one animal. Methods utilizing regression equations derived from 
compartmental models and based upon the disappearance of DgO from blood 
of cattle have been proposed. Loy (1983) proposed a method involving 
one-compartment (ICMR), Byers (1979b) developed a method using two-
compartments (2CMR), and Odwongo et al. (1984) reported a method 
involving three-compartments (3CMR). The 2CMR was proposed to partition 
total body water into empty body water and water in the gastrointestinal 
tract contents. The 3CMR was an attempt, without specifying the 
anatomical locations of the three compartments, to incorporate the 
observed three-component-exponential curve of DgO disappearance from 
blood into a model that would allow estimation of empty body composition 
to be made. It has been shown (Arnold et al., 1985a), by comparisons 
with directly measured body composition, that the ICMR was the most 
useful in predicting relative differences in body composition of cattle 
and that the 2CMR and 3CMR did not accurately predict body composition. 
In the ICMR, gut fill was estimated by use of an equation based upon live 
weight and gut water was estimated by assuming the dry-matter content of 
digesta. Because cattle consuming higher levels of roughage have a 
greater amount of water in the rumen (Goetsch and Galyean, 1982) than 
cattle consuming higher levels of concentrates, the ICMR model would not 
be expected to be useful in experiments in which different dietary 
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treatments are involved. A two-compartment model has been shown by 
Nyamekye-Boamah (1982) to be an inaccurate model in sheep. The 
anatomical identities of water spaces that correspond to the exponential 
components calculated from curves of DgO disappearance from blood are 
unknown. To be useful in estimating empty body composition, a 
mathematical model should allow calculation of the amount of water in 
tissues and in nontissue compartments such as blood and gastrointestinal 
tract contents. In order to calculate the amount of water in tissues and 
the amount of water in gut contents by compartmental modeling, the 
equilibration rates of water in tissues and contents must be different, 
however, it is not known if the equilibration rates between the water in 
tissues and the water in the contents of all segments of the 
gastrointestinal tract are different. Information concerning passage of 
water through all segments of the gastrointestinal tract of cattle is 
limited. The effect of the passage of water through the gastrointestinal 
tract upon the equilibration of the contents with the water in tissues 
also is not known. 
Three experiments with cattle were conducted to evaluate the use of 
compartmental models to estimate the amount of water in gut contents and 
empty body water. One objective was to determine if an increase in rumen 
water volume caused by feeding different levels of roughage would be 
detected by use of compartmental models. A second objective was to 
measure the rates of equilibration between water in the contents of 
portions of the gastrointestinal tract and water in blood. A third 
objective was to evaluate the appropiateness of the two-compartment model 
in describing equilibration of water in the body by calculating volumes 
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of compartments from measurements taken in each compartment. A fourth 
objective was to provide data, for use in modeling, on flow of water 
through the gastrointestinal tract. 
MATERIALS AND METHODS 
Exp. 1. 
Four 2-yr-old Holstein steers were individually fed two diets 
differing in roughage content in a cross-over design. The low-roughage 
diet (10% cob) consisted of 9.6% cob (IFN 1-02-782), 80.0% corn grain 
(IFN 4-02-931), and 8.9% sugarcane molasses (IFN 4-04-696), with the 
remaining 1.5% composed of urea and macro and trace minerals. The high 
roughage diet (50% cob) consisted of 49.6% cob, 32.8% corn grain, and 
15.9% sugarcane molasses with the remaining 1.7% composed of urea and 
macro and trace minerals. The steers were prepared with a 2.5-cm ruminai 
cannula in the dorsal sac of the rumen and "T" cannulae in the proximal 
duodenum and caudal ileum. The steers were adapted to the diets 
gradually over 6 d and fed ad libitum another 2 to 3 d before the start 
of each period. The steers were given feed twice daily. 
Deuterium oxide was injected as a pulse dose at a rate of .19 g DgO 
per kg live weight via a jugular catheter at the start of each period. 
The catheter was flushed with 10 ml of saline, and the exact dosage of 
DgO determined by difference in weight of filled and emptied syringes. A 
chromium ethylenediamine tetraacetic acid solution (Cr-EDTA) was prepared 
as described by Binnerts et al. (1968) except the solution was 
approximately twice as concentrated (Cr concentration of .11 M). At the 
start of each period, a Harvard peristaltic pump was used to infuse 
approximately 300 ml of the Cr-EDTA solution into the rumen over 2 min 
through a segment of perforated Tygon tubing while the tubing was moved 
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throughout the rumen to distribute the Cr-EDTA more uniformly in ruminai 
contents. The pump tubing was flushed with approximately 200 ml of 
water. Jugular blood was sampled at 0 and 2, 4, 6, 10, 14, 18, 22, 26, 
30, 40, 50, 60, 75, 90, 105 min, and 2, 2.5, 3, 4, 5, 6, 8, 10, 12, 16, 
24, 36, 48, 60, and 72 h after DgO injection and was placed in dry 
heparinized tubes. Ruminai fluid was sampled by use of a strainer (Raun 
and Burroughs, 1962) attached to a vacuum pump. Samples were taken at 0, 
5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 90, 100 min, and 2, 2.5, 3, 4, 6, 
8, 10, 12, 14, 16, 18, 20, 22, 24, 36, 48, 60, and 72 h. The ruminai 
fluid was centrifuged and filtered through cheesecloth. Samples of 
digesta from the duodenal and ileal cannulae were taken, if digesta was 
flowing, at 0, 3, 5, 10, 15, 20, 25, 30, 40, 60, 80, 90 min, and 2, 3, 4, 
8, 12, 16, 20, 24, 36, 48, 60, and 72 h. Duodenal samples were 
centrifuged and filtered through cheesecloth. Fecal samples were taken 
on day 1 each time voided, whereas on day 2 and 3, fecal samples were 
taken sporadically. Blood samples were stored at 5 C, and all other 
samples were stored at -5 C. 
Blood, ruminai fluid, duodenal fluid, ileal contents, and feces were 
lyophilized to extract water and analyzed for DgO content as previously 
described (Arnold et al., 1985b). The concentrations of DgO in samples 
removed from steers during the second period were corrected for residual 
DgO from the first period based upon the concentration of DgO at time . 
zero and the rate of water turnover calculated for each steer during the 
second period. Chromium concentrations of samples were determined by 
atomic absorption {Williams et al., 1962). Ruminai fluid and duodenal 
fluid were diluted with water when necessary to achieve the correct 
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concentration for atomic absorption. Ileal contents and fecal samples 
were dried for 48 h at 60 C for dry-matter determination, ashed in a 
muffle furnace at 550 C for 3 h, dissolved in acid (Williams et al., 
1962), and diluted with water for chromium analysis. The amounts of 
chromium in ileal contents and feces were expressed as concentration of 
chromium in the water portion of the sample. Samples of the Cr-EDTA 
infusate were diluted with water and analyzed for chromium to determine 
the dose of chromium given to each animal. 
Water in gut contents and empty body water were estimated by using 
the ICMR (Loy, 1983), with the exception that a 6% overestimation of 
total-body water was assumed instead of 3.2%. A 6% overestimation was 
the average amount of overestimation in experiments reported by Pfau and 
Salem (1972), Robe!in (1982), and Arnold et al. (1985a). A two-
compartment model (2CM) and a three-compartment model (3CM), based upon 
the kinetics of the models (Shipley and Clark, 1972) were solved for 
compartment volumes. The 2CMR (Byers, 1979b), in which regression 
equations were incorporated in an attempt to adjust compartment volumes 
to the correct values, was also used to estimate the quantities of water 
in gut contents and the empty body. The exponential equations used in 
solving for compartment sizes were obtained by a curve-peeling process in 
which the regression and subtraction operations were performed on a 
calculator and microcomputer, respectively, and the selection of the 
segment of the curve to include in the regression was determined 
graphically. 
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The NLIN procedure of SAS (1982) was also used to fit, for each 
steer, two-, three-, and four-component exponential equations to the data 
of DgO disappearance from blood and a composite, which included data for 
blood and feces, ruminai fluid, duodenal fluid, and ileal contents at 
times after equilibration with blood. 
Rumen volume, rumen liquid flow rate, and mean retention time of 
chromium in the rumen, omasum-abomasum, small intestine, and large 
intestine were calculated for a single dose of tracer with time-sequence 
sampling as outlined by Faichney (1975). 
Analysis of variance of a cross-over design with diet, animal, and 
period as class variables was calculated by using the GLM Procedure of 
SAS (1982). The data are presented as the mean + SE. 
Exp. 2. 
One Angus steer and one Charolais steer averaging 410 kg live weight 
with 13-cm ruminai cannulae were used in a cross-over design to study the 
effects of dosing site of DgO upon estimates of compartment sizes. The 
steers were individually fed .8 kg (as fed basis) of ground alfalfa hay 
(IFN 1-00-059) every 2 h by an automated feeder. Water consumption of 
each steer was measured by using a calibrated 20-1 plastic jug attached 
to a drinking bowl. At the start of the first period, DgO (.28 g/kg live 
weight) was injected as a single dose into the jugular vein of one steer 
via a catheter and injected as a single dose into the rumen of the other 
steer. In the second period, the dosing was repeated, but the site of 
injection switched for the two steers. Jugular blood was sampled at 0, 
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2, 4, 6, 10, 15, 20, 30, 40, 50, 60, 80, and 100 min and 2, 2.5, 3, 4, 5, 
6, 8, 10, 12, 16, 24, 36, 48, 60, and 72 h after dosing and placed in dry 
heparinized tubes. Ruminai fluid was sampled with a vacuum pump at the 
same times as for blood, with the exception of the first hour during 
which samples were taken at 0, 15, 30, 45, and 60 min. The second period 
was started immediately after the 72-h samples were collected. Water 
from blood and ruminai fluid was extracted by lyophilization and assayed 
for DgO by infrared photometry (Byers, 1979a) with modifications of an 
automated sampling system (Ferrell and Philips, 1980). Samples collected 
during the second period were corrected for the DgO remaining in the 
steers from the first period. The amounts of water in the body and gut 
contents were estimated by using the 2CM (Shipley and Clark, 1982) and by 
using the ICMR (Loy, 1983) except that no adjustment was made for 
overestimation of total body water by D^O dilution. No adjustment was 
made in the total body water estimate from the ICMR so as to compare the 
estimate from the ICMR with the 2CM. A curve-peeling process as 
indicated in Exp. 1 was used to calculate the exponential equations. 
Exp. 3. 
Water flow rates and mean retention times in various segments of the 
gastrointestinal tract of four cattle were determined by using continuous 
infusion of Cr-EDTA into the rumen and total sampling of the digesta in 
these segments after slaughter of the animals. Two 18-mo-old crossbred 
steers, one predominantly Jersey and one predominantly Simmental, and two 
12-mo-old Hoi stein bulls were prepared with 2.5-cm ruminai cannulae in 
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the dorsal sac of the rumen. The diet, which was fed ad libitum, 
consisted of 25% cob, 68% corn grain, and 5% sugarcane molasses, with the 
remaining 2% composed of urea and macro and trace minerals. Fifteen 
milliliters of a Cr-EDTA solution (Binnerts et al., 1968), having a Cr 
concentration of .053 M, was diluted with water to 1 1. This diluted 
solution was continuously infused by a Harvard peristaltic pump into the 
rumen at a rate of approximately 27 ml/min for 6 d in the steers and for 
9 d in the bulls. The quantity of water to be infused into the rumen was 
calculated from data presented by Winchester and Morris (1956) for cattle 
weighing 500 kg. The two steers averaged 554 kg, and the two bulls 
averaged 402 kg live weight. Ruminai fluid was sampled by using a vacuum 
pump at 0, .5, 1, 1.5, 2, 3, 4, 5, 6, 8, 11, 15, and 23 h and 
approximately every 8 h thereafter until the infusion was stopped. The 
two steers were kept in individual stalls, and fecal grab samples were 
taken at 0 and approximately every 8 h thereafter. The two bulls were 
placed in metabolism crates, and total collection of urine and feces was 
made over the 9-d period. Fecal samples were collected, weighed, mixed, 
and subsampled every 4 to 6 h. Urine samples were collected, volume 
measured, and subsampled approximately every 6 h. Approximately 30 min 
after the infusion of Cr-EDTA was stopped, the cattle were slaughtered. 
Total contents of the rumen-reticulum, omasum, abomasum, small intestine, 
cecum, large intestine, and rectum were separately removed, weighed, 
mixed, and subsampled. Chromium concentration of ruminai fluid, feces, 
urine, and gastrointestinal tract contents and dry matter of feces and 
gastrointestinal tract contents were determined as indicated for Exp. 1. 
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Flow rates and mean retention times of chromium in the various gut 
segments were calculated for continuous infusion with total sampling 
(Faichney, 1975). Flow rates of Cr leaving the rumen and leaving the 
body in feces were calculated for continuous infusion with time-sequence 
sampling as presented by Faichney (1975). Rumen volume was calculated by 
the formula: V = F X A / [Cr]piateau' where V is volume, F is flow rate 
of Cr leaving the rumen, A is the area bounded by the plateau 
concentration of Cr and the appearance curve of Cr as determined from a 
plot of sampling time versus concentration of Cr in ruminai fluid by use 
of a pi animeter, and [Crlp^ateau the concentration of Cr in the rumen 
after a steady state was achieved between inflow of Cr from the pump and 
outflow of Cr from the rumen. 
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RESULTS AND DISCUSSION 
Exp. 1. 
The volume of water in the rumen, as determined by Cr-EDTA, was 47% 
larger (P<.01) when the steers consumed the 50% cob diet (47+3 kg) 
rather than the 10% cob diet (32 +3 kg). It was assumed for purposes of 
comparison that an accurate measurement of the volume of water in the 
rumen was obtained by using Cr-EDTA (Warner and Stacy, 1968). When 
calculated by using the ICMR, the volume of gut water was 3% larger when 
the 50% cob diet was fed (39 + 1 kg for 50% cob diet and 38+1 kg for 
10% cob diet). When consuming the 50% cob diet, the steers had greater 
(P<.01) live weights (543 kg) than when consuming the 10% cob diet (524 
kg), which was likely due to a greater gut fill when the steers consumed 
the 50% cob diet. Thus, the 3% increase in gut water calculated for the 
steers when consuming the 50% cob diet was due to the increase in live 
weight. Total body water, when estimated by using the ICMR, was greater 
(P<.01) when the steers consumed the 50% cob diet (326 + 5 kg) than when 
the steers consumed the 10% cob diet (304 +5 kg). This increase, 
obviously, was due to the increase of water in the rumen when the steers 
consumed the 50% cob diet. 
No changes in the amount of water in gut contents due to diet were 
predicted by 2CM or 2CMR (table 1). A large overestimation of gut water 
evidently occurred when using the 2CM. The degree of overestimation was 
somewhat lower when using the 2CMR. When calculated by using either 2CM 
or 2CMR, the quantity of empty body water was less (P<.01) when the 
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Table 1. Gut and empty body water spaces estimated by deuterium oxide in 
steers fed two levels of roughage (Exp. 1) 
Water Two comp.* Two comp.^ 
space TSI 5ÔI ST" 10% 50% sT" 
cob cob cob cob 
Gut, kg 86 84 16 58 56 11 
Empty ** ** 
body, kg 237 270 13 228 263 14 
®Two compartment model (2CM) solved for compartment sizes (Shipley 
and Clark, 1972). 
^Two compartment method (2CMR) as presented by Byers (1979b). 
Difference between diets (P<.01). 
steers consumed the 10% cob diet. The overestimation of the quantity of 
gut water was reflected in the underestimation of the quantity of water 
in the empty body by the 2CM or 2CMR. The quantity of empty body water 
was assumed to be 276 kg, which was the average across diets when 
calculated by subtracting the amount of water in the rumen as determined 
with Cr-EDTA from the quantity of total body water estimated by using the 
ICMR. There was a greater degree of underestimation when the steers were 
consuming the 10% cob diet compared with the 50% cob diet. When compared 
with ICMR, the quantity of total body water (315 kg) seemed to be 
underestimated when calculated with the 2CMR (302 kg) but overestimated 
when calculated with the 2CM (318 kg). Most of the overestimation of 
total body water by the 2CM compared with the ICMR was due to the 6% 
decrease in total body water that was incorporated into the ICMR. 
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Compartment volumes estimated by the 3CM did not differ (P>.10) 
between diets. The average volume of the fastest equilibrating 
compartment, which was the compartment DgO was injected into, was 144.5 + 
11.3 kg when the steers consumed the 50% cob diet and 115.5 + 3.8 kg when 
the steers consumed the 10% cob diet. The estimated volume of the second 
compartment was 116.2 + 14.4 kg when the steers consumed the 50% cob diet 
and 112.8 + 17.0 kg when the steers consumed the 10% cob diet. The 
estimated volume of the slowest equilibrating compartment (compartment 3) 
was 92.1 + 11.2 kg when the steers consumed the 50% cob diet and 94.3 + 
20.5 kg when the steers consumed the 10% cob diet. The volume of 
compartment three was more than twofold greater than the amount of water 
measured to be to in the rumen by using Cr-EDTA. 
When three-component-exponential equations, which were derived from 
the disappearance of DgO from blood by using NLIN (SAS, 1982), were used 
in solving the 3CM, compartments one, two and three contained 26.4 + 
2.6%, 31.9 + 3.5%, and 41.7 + 4.2%, respectively, of total body water. 
When solving the 3CM, a quadratic equation is encountered, which results 
in two possible solutions for the volumes of compartments two and three. 
It was assumed that compartment three was the slower-equilibrating 
compartment. Previously (Arnold et al., 1985a), it had been assumed that 
compartment three was the smaller of the two. When it was assumed that 
compartment three was the slower-equilibrating compartment, compartments 
one, two, and three contained 27.1 + 3.2%, 34.4 + 3.4%, and 38.5 + 5.0%, 
respectively, of total body water in 20 steers involved in the previous 
experiment (Arnold et al., 1985a). Although the relative compartment 
sizes, when averaged across many animals, seemed to be be similar for the 
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present experiment and previous experiment (Arnold et al., 1985a), large 
variation was observed for the mean compartment sizes in both the present 
experiment (coefficient of variation of 30%) and previous experiment 
(coefficient of variation ranged from 40 to 58%). It was not known if 
the variability was due to actual differences in compartment volumes 
between animals or due to a lack of accuracy of the 3CM in predicting 
compartment volumes. 
When NLIN (SAS, 1982) was used to fit multiple-exponential equations 
to the data, the disappearance of DgO from blood and the composite data 
consisted of four exponential components as evaluated from plots of the 
residuals and from the amount of change in the mean-square error between 
successive additions of exponential components. The results are 
presented for the composite data. The average normalized four-component-
exponential equation, where t is time in minutes, obtained when the 
steers were consuming the 10% cob diet was: .50e"*^^^ + .14e"'^^^^ 
+ 086e" 007Gt ^ 27e" 000077t. The average normalized four-component-
exponential equation when the steers consumed the 50% cob diet was: 
ggg-.52t ^ i6e-"070t ^ Qg^g-.0053t ^ .000067t. The intercept of 
the third exponential component was 37% lower (P<.10), and the slope of 
the third component was 30% lower (P<.10) when the steers consumed the 
50% cob diet than when fed the 10% cob diet. Although significant 
changes in the other components did not occur, the percentage changes in 
some of the other components were comparable to the third component. The 
intercept of an exponential component would relate to the volume of a 
compartment while the slope of an exponential component would relate to 
the rate of equilibration of the compartment with the rest of the system. 
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The length of time that each of the four-exponential components of the 
overall equation, when averaged across diets, contributed at least 5 ppm 
to the multi-exponential curve was calculated [ln(5/intercept in 
ppm)/value of slope] to be 12 min, 54 min, 455 min, and 40 d for 
exponential components one through four, respectively. The time 
calculated from the fourth component would be expected to relate to loss 
of DgO from the body, and the times calculated from the other three 
exponential components would relate to equilibration rates of three 
compartments of water. Because the water in the rumen equilibrated with 
blood by 496 min (table 2), the increase in ruminai water content when 
the steers consumed the 50% cob diet would have been expected to have the 
greatest influence upon the third exponential component. Although 
statistical differences were obtained only for the third component, the 
value of the intercept decreased in the steers when they consumed the 50% 
cob diet, but should have increased in reflection of the increase in 
rumen volume. This implies that compartmental analysis with a four-
compartment model would not have been useful in the present experiment to 
detect the 47% increase in ruminai water volume. 
The average times required for equilibration of digesta water with 
blood water are given in table 2. Water in ileal contents equilibrated 
within 28 min (range 10 to 46 min), water in duodenal contents 
equilibrated within 33 min (range 16 to 75 min), fecal water equilibrated 
within 4.3 h (range 1.7 to 6.7 h), and water in ruminai contents 
equilibrated in 8.3 h (range 3.8 to 12.5 h). The times required for 
equilibration of DgO between blood water and the water in gut contents 
were not different (P<.10) due to diet. This was true even for the water 
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Table 2. Time required for water in digesta contents to equilibrate with 
blood in steers fed two levels of roughage (Exp. 1) 
Diet Ruminai 
contents 
(h) 
Duodenal 
contents 
(min) 
Ileal 
contents 
(min) 
Feces 
(h) 
10% cob 8.4 28 34 4.8 
50% cob 8.1 38 22 3.9 
SE 1.0 10 5 .8 
in ruminai contents in spite of a 47% larger water volume in the steers 
fed the 50% cob diet. Thus, the large ranges in equilibration times for 
ruminai contents observed in this experiment were not due to the 
differences in water volumes in ruminai contents. There were no 
differences (P>.10) in equilibration time due to either period or animal. 
This indicates that the large variation in the times for equilibration of 
the gut contents were evidently due to factors that occurred over a short 
time independent of the animal. Little and Morris (1972) did not observe 
any differences in the times required for equilibration of the water in 
the rumen with blood between fasted and fed steers. Reported times for 
equilibration of ruminai contents in cattle have been 4 h (Aschbacher et 
al., 1965), 6 h (Shumway et al., 1956), and 8 to 10 h (Springell, 1968; 
Little and Morris, 1972; Byers, 1979b). 
When determined by infusion of Cr-EDTA, only the mean retention time 
of water in the small intestine tended to differ (P<.10), with a greater 
mean retention time occurring when steers consumed the 10% cob diet 
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(table 3). -Thus, the length of time water remained (mean retention time) 
in each segment of the gastrointestinal tract would not have affected the 
equilibration rate of water in the gut due to diet. Even though they 
were not statistically significant, the rate of flow of water leaving the 
rumen was 19% greater when the steers consumed the 50% cob diet, and the 
mean retention time was 20% greater. Goetsch and Galyean (1982), in an 
experiment with four steers, showed that increasing the amount of ground 
hay from 20 to 69% produced a 25% larger (not significant) rumen volume 
(62.6 to 78.0 liters), a significant increase of 82% in rumen flow rate 
(45.0 to 81.7 ml/min), and a 31% decrease (not significant) in mean 
retention time (23.0 to 15.8 h). 
Table 3. Water flow rate from the rumen and mean retention time (MRT) of 
water in various segments of the gastrointestinal tract of 
steers fed two levels of roughage (Exp. 1) 
Diet Rumen 
flow 
rate 
(ml/min) 
Rumen 
MRT 
(h) 
Omasum 
abomasum 
MRT 
(h) 
Small 
intestine 
MRT 
(h) 
Large 
intestine 
MRT 
(h) 
10% cob 32.0 17.4 1.9 4.5 10.0 
50% cob 38.0 20.6 2.1 2.8/ 8.0 
SE 2.5 1.9 1.2 .6 2.0 
^Differences between diets (P<.10). 
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Exp. 2. 
The live weights of the two steers, as measured at the start of the 
first period, were similar (404 and 405 kg). Water intakes were similar 
between periods and steers and averaged 1.32 + .06 1/h. The same 
estimates of the quantities of total,body water (DgO space) and water in 
gut contents were obtained with the ICMR, regardless of whether the 
steers were dosed and sampled from blood or rumen (table 4). When 
calculated by using the the 2CM, the quantity of empty body water 
averaged 51 kg less, and the quantity of gut water 65 kg more in the two 
steers when the blood rather than the rumen was dosed and sampled. Total 
body water (282 kg when dosing site was blood and 268 kg when dosing site 
was rumeo), when calculated by summing empty body water and gut water, 
was similar to the quantity of total body water estimated by the ICM. 
The average time for equilibration of DgO between water in ruminai 
contents and blood was 3.2 h when dosed into blood and 8.6 h when dosed 
in the rumen. Nyamekye-Boamah (1982) evaluated the 2CM by injecting DgO 
intravenously and tritium oxide intraruminally in four sheep. The 
volumes of water in gut contents and body tissues were directly measured 
after slaughter of the sheep. Empty body water and gut water were both 
overestimated when the 2CM was solved based upon the blood dosing scheme, 
but accurately estimated when based upon the rumen dosing scheme. 
Equilibration time was 3 h when tracer was injected into the blood and 
5.5 h when tracer was injected into the rumen. Till and Downes (1962) 
observed an equilibration time of 5 h when blood was dosed and 9 h when 
the rumen was dosed. Smith and Sykes (1974) observed that ruminai 
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contents had the same activity of TgO as blood by 8 h after the sheep 
were dosed intravenously, but when dosed intraruminally equilibration was 
not achieved by 8 h. It is clear from the results of Exp. 2 and the 
experiment by Nyamekye-Boamah (1982) that the 2CM did not accurately 
describe the equilibration process of water in steers or sheep; solving 
the 2CM by using either compartment should have produced similar results. 
Table 4. The effect of dosing site of deuterium oxide in estimation of 
body water spaces by one and two compartment models (Exp. 2) 
Dosing One-compartment® Two-compartment^ 
site Total Gut Empty Gut 
body water body water 
water water 
Blood, kg 282 31 186 96 
Rumen, kg 282 31 237 31 
% change 0 0 27 -68 
*One-compartment method (ICMR) as presented by Loy (1983) except 0.0 
space used for total body water estimate. 
^Two-compartment model (2CM) solved according to Shipley and Clark 
(1972). 
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Exp. 3. 
The average water volume and mean retention time of water in segments 
of the gastrointestinal tract of one steer and two bulls are presented in 
table 5. The data from one steer were not used because a plateau of Cr 
concentration in the rumen was not achieved, and water flow rates through 
the various segments of the gastrointestinal tract were either 5 to 10 
times higher or lower than the average of the other three animals. Both 
steers went off feed at the start of the experiment and feed intake was 
reduced throughout the 6-d infusion period, with average daily intake of 
feed being 4.1 kg on an as fed basis. The average feed intake for the 
two bulls was 9.4 kg. Recoveries of Cr in feces for the two bulls were 
96.8% and 93.7% of the dose, and recovery of Cr in urine was 3.6% for 
both bulls. The water volumes given in table 5 were the amounts of water 
measured at slaughter. The volume of rumen water calculated from the 
continuous infusion of Cr-EDTA with time-sequence sampling averaged 28.5 
kg for the two bulls, whereas the directly measured amount at slaughter 
averaged 30.5 kg. Of the total amount of water in the gastrointestinal 
tract of the three animals, approximately one-third was located outside 
the rumen, of which almost half was in the small intestine. 
Mean retention times (table 5) of water in the abomasum and rectum 
were relatively much shorter than in the other segments of the 
gastrointestinal tract and relatively much longer in the rumen. Mean 
retention times of each animal in Exp. 3 were within the ranges of the 
values observed for the steers in Exp. 1 for comparable segments of the 
gastrointestinal tract. 
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Table 5. Water volume and mean retention time (MRT) in various 
of the gastrointestinal tract of cattle (Exp. 3) 
segments 
Gut 
segment 
Volume 
(kg) 
SE MRT 
(h) 
SE 
Rumen-reticulum 33.2 2.7 14.3 1.4 
Omasum 3.2 .5 2.7 .8 
Abomasum 1.9 .2 .60 .05 
Small intestine 7.0 2.0 3.6 .8 
Cecum 1.2 .4 2.5 1.1 
Large intestine 1.6 .3 3.3 .1 
Rectum .2 .1 .46 .03 
Values are the averages of one steer and two young bulls obtained by 
continuous infusion of Cr-EDTA and total sampling of the gastrointestinal 
tract contents. 
Average water flow rates for the three animals, when calculated from 
the volumes measured at slaughter and mean retention times (table 5), 
were greatest in the abomasum (53.2 + 6.3 ml/min) and slowest in the 
cecum (8.6 + .8 ml/min), large intestine (8.0 + 1.5 ml/min), and rectum 
(7.1 + 1.9 ml/min). Water flow rate was 21.7 + 3.8 ml/min for the omasum 
and 31.2 + 2.0 ml/min for the small intestine. The calculated flow rates 
through the large and small intestine represents the average for the 
whole segment. The average flow rate of water from the rumen of the 
three animals was 38.8 + .7 ml/min, whereas it was 38.2 + 2.4 ml/min when 
calculated from the continuous infusion of Cr-EDTA with time-sequence 
sampling. 
I l l  
Average-total water intake for the three animals was 27.4 ml/min. If 
it is assumed that both the water volumes of the various segments of the 
gastrointestinal tract and the rates of water flow through the segments 
were at a steady state, the net absorption or secretion of water can be 
calculated. A net influx of water occurred in the rumen (11.4 ml/min) 
and abomasum (31.5 ml/min). A net outflux occurred in the omasum (17.1 
ml/min), small intestine (22.0 ml/min), and cecum (22.6 ml/min) while 
essentially no net movement of water occurred across the large intestine 
mucosa. 
Because of the nature of movement of water through the omasum and 
cecum, some uncertainty exists as to the accuracy of the values for mean 
retention time, water flow rate, and water absorption in the omasum, 
abomasum, cecum, and upper-large intestine. The nature of water and 
digesta movement through the omasum is unclear, but evidently some of the 
water passing from the rumen may pass directly through the omasum while 
some is retained (Ash, 1962; Bost, 1970). Contents do not pass directly 
into the cecum from the ileum, but the cecum is filled by retrograde 
movement of digesta from the large intestine. The cecum has both 
peristaltic and antiperistaltic motility as well as contractions that can 
completely empty the cecum (Church, 1976). 
In the bulls used in the present experiment, the flow rate of water 
out of the body through feces was 5.9 ml/min as determined by total 
collection and 6.4 ml/min as determined from Cr-EDTA infusion. The 
amount of water lost through feces was 21.3% of the total amount of water 
that was infused into the rumen and ingested in feed. The amount of 
water lost in urine averaged 48.4% of water intake. The remaining 30.3% 
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of water intake would presumably be lost from the body through the lungs 
and skin. 
The amount of water in the rumen of the three animals in Exp. 3 was 
7.0% of live weight while the water in the remainder of the 
gastrointestinal tract contents was 3.2% of live weight. Thus, the water 
in the digestive tract constituted an important proportion of total body 
water. Use of the ICMR did not allow accurate estimation (Exp. 1) of the 
amount of water in gut contents and, thus, would not be suitable for use 
in experiments in which all of the experimental treatments do not change 
the quantity of gut water to the same extent. Neither use of the 2CM nor 
use of the 2CMR allowed an accurate estimation of the amount of water in 
gut contents either in absolute terms or in relative terms (Exp. 1). 
From the results of Exp. 2, it was clear that the 2CM was not a correct 
model. Deuterium oxide equilibrated more rapidly in the contents of some 
of the segments of the gastrointestinal tract than in ruminai contents 
(Exp. 1). This would not allow estimation of the amount of water in the 
contents of these gut segments separate from empty body water. The 
estimated volumes of the slowest-equilibrating compartment of the 3CM was 
two times greater than the observed rumen volume and did not reflect the 
47% increase in rumen volume. The third exponential component of a four-
component-exponential equation was not appropriately affected, and the 
equilibration time for water in the rumen was not affected by a 47% 
increase in the volume of water in ruminai contents (Exp. 1). Thus, the 
application of compartmental analysis did not enable estimation of the 
amount of water in ruminai contents separate from the remainder of the 
water in the body. Therefore, a model would need to incorporate more 
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than just the disappearance of DgO from blood to be useful in estimating 
water spaces in the body. Because the length of time water spends in the 
gastrointestinal tract (Exp. 3) was much longer than the time required 
for equilibration of gut contents (Exp. 1), the total movement of water 
across the mucosa would seemingly be of more importance than movement of 
water down the tract. Thus, water flow rates through the various 
segments of the gastrointestinal tract would not need to be incorporated 
into a model. 
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ABSTRACT 
The equilibration between water in blood and the water in various 
tissues of nine cattle and 19 sheep was measured. Tissues were obtained 
between 3 to 480 min after the animals were dosed intravenously with 
deuterium oxide (DgO). Concentrations of DgO in tissues were compared 
with the concentrations in blood. Equilibration of DgO in cattle and 
sheep was similar. The extent of equilibration was variable both within 
and between animals for individual muscle and carcass fat samples. 
Tissues could be divided into five groups based upon equilibration times. 
Group 1 (3 min): spleen, liver, kidney, heart, brain, and lung. Group 2 
(8 to 16 min): perirenal fat, omental fat, small intestine tissue and 
contents, abomasal tissue, lower-large intestine tissue, omasal tissue, 
and head. Group 3 (30 to 40 min): muscle, fat, hide, abomasal contents, 
lower large-intestine contents, carcass bone, reticular tissue, and 
omasal contents. Group 4 (200 to 250 min): feet, cecal tissue and 
contents, and upper large-intestine tissue and contents. Group 5 (480 
min): reticular contents and ruminai tissue and contents. These 
different rates of equilibration of tissues must be accounted for in 
models used to estimate the quantity of water in portions of the ruminant 
body. 
(Keywords: DgO equilibration in gut contents; ruminant; water 
equilibration.) 
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INTRODUCTION 
Deuterium oxide disappearance from blood has been used to estimate 
the quantity of water in portions of the body of cattle by compartmental 
analysis (7, 15). The basis of the method is that the tissues of 
ruminants can be separated into two or three groups, which equilibrate at 
similar rates. The disappearance of DgO from blood has been best 
described by three-component exponential equations (1, 3, 16); however, 
when the number of samples was increased by compositing data from various 
gut contents with blood, a four-component exponential equation was found 
(3) to fit the data the best. The use of compartmental analysis (7, 15), 
however, requires the use of regression equations in an attempt to force 
the model to accurately predict water volumes of portions of the body. 
It has been found (1), in an independent group of cattle, that this 
approach did not compare favorably with directly measured water volumes. 
Use of this approach did not allow detection of a 47% increase in the 
water volume of the rumen (3). Better kinetic models must be established 
if the use of DgO dilution is to be of any value in estimating the 
quantity of water in portions of the body. Accurate mathematical 
modeling of water movement in tissues of ruminants cannot be made without 
knowledge of the equilibration process in individual tissues. 
Equilibration rates of either tritium or deuterium oxide between the 
water in blood and tissues have been measured in dogs, rats, rabbits, and 
humans for muscle, liver, brain, skin, bone, and gastric juice (5, 6, 9, 
10). The equilibration rates of DgO between water in blood and water in 
ruminai, duodenal, or ileal contents in cattle have been reported (3), 
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but the rate and extent of equilibration of DgO in tissues of ruminants 
have not been reported. 
The purpose of the present study was to measure the rate and extent 
of equilibration of DgO in blood with the water in tissues and gut 
contents of sheep and cattle. 
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METHODS 
Nineteen wethers of Hampshire, Dorset, and Suffolk breeds, ranging in 
age between 1 and 3 yr and averaging 67 kg live weight (range 54 to 91 
kg) were used. They were group-fed 1500 g per head per day of a diet 
consisting of 44.9% ground corn grain, 35.1% ground corncob, 11.4% 
sugarcane molasses, 7.2% soybean meal, and 1.4% mineral-vitamin mixture. 
The sheep were fed the diet at a level of intake to maintain body weight. 
Nine Hoi stein steers were used. Two steers were 2 yr old, averaged 527 
kg live weight, and were fed chopped alfalfa hay at a level of intake to 
maintain body weight. Two steers were 8 mo old, averaged 308 kg live 
weight, and fed chopped alfalfa hay at a level of intake to maintain body 
weight. Five steers were 5 mo old, averaged 146 kg live weight, and fed 
a ground corn grain, ground corncob diet at a level of intake to sustain 
a rate of gain of .9 kg/day. The sheep and cattle used were acquired at 
the conclusion of several experiments and were considered unsuitable for 
human consumption. The animals were a diverse group as to the conditions 
under which they were previously raised. The animals were adapted for at 
least 30 d to the present experimental conditions before they were dosed 
with DgO. The sheep were housed in a partly temperature-controlled 
environment, with the temperature ranging between 18 and 24 C. The 
cattle were housed in facilities in which temperature could not be 
regulated. The ambient temperatures, when the studies were done with the 
cattle, ranged between 10 and 30 C. 
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The animals were given a single dose of DgO (.2 g DgO/kg live weight) 
via a jugular vein and sacrificed at various times after dosing. These 
times were 2.8, 3.8, 5.7, 6.8, 9.5, 9.9, 11.8, 13.5, 16.5, 21.5, 25.8, 
36.5, 53.3, 65.5, 92.0, 158.4, 244.8, 362.5, and 482.4 min for the sheep 
and 4.2, 8.0, 10.8, 12.5, 15.0, 19.5, 26.6, 49.5, and 85.0 min for the 
cattle. At predetermined times after injection of DgO, the animals were 
given an overdose of sodium pentobarbital (approximately 15 mg for sheep 
and 6 mg for steers per kg of live weight) via a jugular catheter. The 
animals were exsanguinated by cutting the jugular veins and carotid 
arteries. In 15 sheep, blood was collected and weighed. In all animals, 
a blood sample was obtained, and the chest cavity opened. The heart was 
removed and drained of blood. The time of death was set at when the 
circulatory system was judged to have failed or when blood stopped 
flowing from the vessels. Tissue samples were then removed as quickly as 
possible. The 15 sheep were sheared to remove wool and then the whole 
bodies were separated into portions consisting of kidney, spleen, heart, 
lung, liver, brain, head (including the soft tissues of the head as well 
as bone), perirenal fat, omental fat, feet (including the soft tissues, 
bones, and some hide of all four legs separated below the hock joint), 
hide, muscle and fat separated from the hindquarters (hindquarter 
tissue), muscle and fat separated from the frontquarters (frontquarter 
tissue), leg bones, rib and vertebral bones, the whole left longissimus 
muscle, rumen, reticulum, omasum, abomasum, upper half of small 
intestines, lower half of small intestines, cecum, upper half of large 
intestines (which included the ansa spiralis), lower half of large 
123 
intestines,.and the contents from each of these gut tissues. In 
addition, samples of hind-leg muscle and subcutaneous fat were removed. 
Samples removed from four of the sheep and seven of the cattle were 
approximately 150-g samples of liver, lung, heart, spleen, kidney, 
perirenal fat, omental fat, abdominal muscle, right hind-leg muscle, left 
hind-leg muscle, longissimus muscle, forearm muscle, shoulder muscle, 
subcutaneous fat, hide, rumen, omasum, abomasum, upper small intestine, 
cecum, upper large intestine, and contents from each of the gut tissues. 
Samples that were removed from two of the cattle (2 yr old steers) 
included samples of liver, lung, spleen, kidney, omental fat, abdominal 
muscle, hind-leg muscle, longissimus muscle, subcutaneous fat, and upper 
small intestine and contents. 
The tissues removed from the 15 sheep were ground through either a 
small hand grinder or a 5-HP meat grinder, depending upon the quantity of 
tissue. Tissues containing bone were first sawed into small pieces with 
a meat band saw before grinding. After grinding, the samples were mixed 
by hand, subsampled, and frozen. The tissue samples removed from the 
cattle and 4 sheep were minced with a knife into pieces of less than 1 
cm and mixed by hand. 
The tissues, gut contents, and blood samples were analyzed for OgO as 
described previously (2). To evaluate the equilibration process over 
time, the concentration of DgO in tissues or gut contents were divided by 
the DgO concentration in the blood sample taken when the animals were 
killed. A ratio of 1.0 would be expected when equilibration was achieved 
between the water in blood and the water in tissues or contents. 
Differences in the equilibration ratio over time between tissues were 
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compared for statistical significance by Student's t-distribution (20). 
A best-fit multiple-exponential equation was fitted to the equilibration 
ratios for each tissue by use of the NLIN procedure (17). 
Four sheep were fitted with 2.5-cm ruminai cannulae. The sheep were 
given a single dose (.2 mg/kg live weight) of DgO through a jugular 
catheter. Jugular blood was sampled at 0, 2, 4, 6, 8, 10, 14, 18, 22, 
26, 30, 40, 50, 60, 75, 90, 105 min, and 2, 2.5, 3, 4, 5, 6, 8, 10, 12, 
16, 24, 36, 48, 60, and 72 h after the dosing of OgO. Ruminai fluid was 
sampled at similar times except that sampling times during the first 30 
min after OgO dosing were 3, 6, 10, 15, 20, 25, and 30 min. The dosing 
of OgO and sampling of ruminai fluid was repeated in two of the four 
sheep. The samples were analyzed as previously described (2), and the 
times required for the concentrations of DgO to become similar in both 
blood and in ruminai contents were determined graphically. 
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RESULTS AND DISCUSSION 
No differences in equilibration of DgO was discernible between the 
sheep and cattle; more variation, however, was evident in samples taken 
from cattle (figures 1 through 11). The average ratio of concentration 
of DgO in water from tissues to concentration of DgO in water from blood 
after equilibration seemingly had occurred was .96. Complete 
equilibration was assumed when the ratio was within the range of .92 to 
1.00. The actual values of the components of the multiple exponential 
equations, which are presented in figure 1 through 11, are given in table 
1. The best-fit exponential equations were also used to assist in 
determining the time of equilibration, however, the exponential 
relationship did not always fit the data properly. 
Equilibration of water in spleen, liver, kidney, heart, brain, and 
lung (figure 1) occurred within 3 min after the dose of OgO was given. 
The average ratios during the first 10 min for these tissues were 1.08, 
1.04, 1.01, 1.00, .99, and .96, respectively. The average ratio for the 
first 10 min for the mean of the pooled organs without the spleen was 
1.00. The ratio for spleen was higher (P<.05) then the average of the 
other tissues. A greater concentration of DgO in water from the spleen 
and liver than in blood occurred for approximately 40 min. Equilibration 
of water in liver with blood water has been found to occur within 1 min 
in dogs (9) and rats (6). In rats, a greater concentration of DgO was 
observed in the water in the tissue then in blood for approximately 30 
min. Equilibration of water in brain tissue with water in blood of dogs 
Figure 1. Equilibration of the water in spleen, and in the average of other 
organs (liver, kidney, heart, brain, and lung) with blood water over 
time. Best-fit, multiple-exponential curves are signified by the 
broken lines 
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has been observed (5) within 1 to 2 min for cerebral gray matter and the 
cerebellum and within 7 min for cerebral white matter. 
Average ratios of equilibration for muscle, hide, and carcass fat and 
the average equilibration ratio for perirenal fat and omental fat are 
shown in figure 2. The time of equilibration for average of these tissue 
was 30 min. The average ratio for the first 40 min was .75. The average 
ratios during the first 40 min for right and left hind-leg muscle, 
longissimus muscle, shoulder muscle, forearm muscle, and subcutaneous fat 
ranged from .69 to .80, but were not different (P>.1) from .75. The 
average ratio for abdominal muscle during the first 40 min was .63, which 
tended (P<.1) to be lower than the overall average ratio for muscle, 
hide, and carcass fat. The ratio for hide was .72, which was not 
different (P>.1) from the overall average ratio. The equilibration ratio 
for frontquarter tissue and hindquarter tissue for the eight sheep, which 
were killed within 40 min of DgO dosing, were similar (P>.1) to the 
overall average ratio of muscle, hide, and carcass fat in the same eight 
sheep (the ratios were .86, .86, and .84, respectively). A high degree 
of variation was observable (the ratio ranged from .29 to 1.10) in the 
equilibration ratios both within and between animals for individual 
muscle and carcass fat samples over the first 20 min after dosing DgO. 
Based upon arterial-venous differences in concentration of Isotope (14), 
water in the tissues of the hind limb of sheep was observed to 
equilibrate within 40 min; however, the extent of equilibration of water 
in individual muscles of the hind limb, at 20 min, ranged between 46 and 
112%. The equilibration time for muscle in rats has been observed to be 
2 to 3 min, and a 15-m1n equilibration time has been observed for skin 
Figure 2. Equilibration of the water in the average of tissues (carcass muscle, 
hide, and carcass fat) and average of visceral fat (perirenal and 
omental) with blood water over time. Best-fit, multiple-exponential 
curves are signified by the broken lines 
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(6). In other experiments involving dogs, rabbits, and humans, water in 
muscle was found (9, 10) to equilibrate within approximately 35 min. 
In the present experiment, water in visceral fat equilibrated more 
rapidly (figure 2) than water in carcass tissues and hide. Equilibration 
was completed within 7 to 8 min, with an overshoot occurring in some 
animals. The water in perirenal fat and omental fat equilibrated at 
about the same time, but the equilibration ratio tended (P<.1) to be 
higher for perirenal fat (.96) than for omental fat (.89) during the 
first 20 min. 
The degree of equilibration of water in the tissues of the head, bone 
(average of leg and rib bone), and feet with water in blood (figure 3) 
was not as great as the other tissues even by 8 h, but the degree of 
equilibration seemingly approached a constant. The plateau for the 
equilibration ratio for head was .92, whereas the plateau for the 
equilibration ratio for both feet and bone was .86. The time required to 
attain this plateau was approximately 16 min for the head tissues, 36 min 
for bone, and 250 min for feet tissues. When averaged over the first 36 
min, leg bone had a lower (P<.06) ratio (.69) than rib and vertebral 
bones (.78). The water in femur and radius bones in dogs were observed 
(9) to be 84% equilibrated with water in blood by 50 min, 88% 
equilibrated by 78 min, 95% equilibrated by 122 min, and 96% equilibrated 
by 233 min. 
The water in the tissue and contents of the rumen did not equilibrate 
with water in blood until at least 480 min (figure 4). A plateau in the 
equilibration ratio (.85) was attained by 90 min in the tissue and lasted 
until 360 min; however, an exponential relationship could also be used to 
Figure 3. Equilibration of the water in bone, head and feet with blood water over 
time. Best-fit, multiple-exponential curves are signified by the 
broken lines 
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describe the equilibration of water in ruminai tissue. The time 
required for equilibration between water in blood and water in ruminai 
contents of four sheep, which were dosed with DgO and for which blood and 
ruminai contents were sampled over a period of 72 h, averaged 290 min, 
with a range of 240 to 390 min. These equilibration times, which were 
measured in the present experiment, are within the range of previously 
measured values. The equilibration times reported (13, 19, 22) for sheep 
ranged from 180 to 480 min. The equilibration times for ruminai contents 
of cattle have been observed (3, 4, 7, 12, 18, 21) to vary from 180 to 
750 min. 
Water in reticular tissue equilibrated with water in blood by 36 min 
and water in reticular contents by approximately 60 min (figure 5). 
Water in omasal tissue equilibrated with water in blood by 12 min (figure 
6). Water in omasal contents equilibrated variably between animals, with 
the equilibration being slower for cattle than for sheep, but seemingly 
the water in contents equilibrated with water in blood within 45 min for 
both species. Water in abomasal tissue equilibrated with water in blood 
within approximately 10 min, and water in abomasal contents equilibrated 
within 30 min (figure 7). The average of the ratios over the first 30 
min was .85 for the tissue and .74 for the contents, but were different 
only at the P<.11 level because of large variability among animals. 
No differences (P>.1) existed in the average ratios of equilibration 
between the upper and lower small-intestine tissues or contents; thus, 
the values for the upper and lower small intestine were averaged. Water 
in the small intestine tissue and contents equilibrated within 5 min 
(figure 8). No difference in the equilibration ratio (P>.1) existed 
Figure 4. Equilibration of the water in tissue and contents of the rumen with 
blood water over time. Best-fit, multiple-exponential curves are 
signified by the broken lines 
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Figure 5. Equilibration of the water in tissue and contents of the reticulum with 
blood water over time. Best-fit, multiple-exponential curves are 
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Figure 6. Equilibration of the water in tissue and contents of the omasum with 
blood water over time. Best-fit, multiple-exponential curves are 
signified by the broken lines 
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Figure 7. Equilibration of the water in tissue and contents of the abomasum with 
blood water over time. Best-fit, multiple-exponential curves are 
signified by the broken lines 
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between the-tissue and contents when they were averaged over the first 50 
min. The equilibration rate of water in contents of the small intestine 
was faster for the present experiment than had been previously measured 
in cattle (3). The average time required to attain equilibration for 
water in both duodenal and ileal contents in four cattle fed high and low 
roughage diets was observed (3) to be 30 min, with a range of 10 to 75 
min, which was not related to type of diet. 
Water in cecal tissue and contents had similar concentrations of DgO 
at 100 min, and the water in both tissue and contents was equilibrated 
with water in blood by approximately 200 min (figure 9). The 
equilibration ratio for cecal tissue attained a ratio of approximately 
.70 within 10 min and maintained this plateau until 70 min. The 
concentration of DgO was similar in the water of the upper large-
intestine tissue and contents by 90 min, and both were equilibrated with 
water in blood by 200 min (figure 10). Although the water in both the 
upper large intestine and cecum equilibrated with water in blood at 
approximately the same time, the equilibration rate was slower (P<.05) 
for the water in cecal tissue (.64) than for water in the upper large-
intestine tissue (.73) during the first 100 min. Water in the tissues of 
the lower large intestine equilibrated by 10 min, and water in the 
contents of the lower large intestine equilibrated within approximately 
30 min (figure 11). Water in fecal samples, which would relate to a • 
portion of the lower large intestine from cattle were found (3) to 
equilibrate in 240 min, with a range of 102 to 402 min. Because the 
lower large intestine was not sampled in cattle in the present 
experiment, the difference in equilibration time measured in these two 
Figure 8. Equilibration of the water in tissue and contents of the small 
intestine with blood water over time. Best-fit, multiple-exponential 
curves are signified by the broken lines 
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Figure 9. Equilibration of the water in tissue and contents of the cecum with 
blood water over time. Best-fit, multiple-exponential curves are 
signified by the broken lines 
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Figure 10. Equilibration of the water in tissue and contents of the upper-large 
intestine with blood water over time. Best-fit, multiple-exponential 
curves are signified by the broken lines 
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Figure 11. Equilibration of the water in tissue and contents of the lower-large 
intestine with blood water over time. Best-fit, multiple-exponential 
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Table 1. Actual values of exponential equations fitted to equilibration 
ratios of various tissues of sheep and cattle 
Tissue EQ® EQ^ Exponential Equations^ 
T R A1 K1 A2 K2 A3 K3 
Spleen <3 >1.09 .19 -.019 .91 .00019 
Organs^ <3 >1.01 1.01 - .00047 
Visceral fat® 8 .93 - .52 - .35 .11 - .011 .86 .00017 
Muscle-hide^ 30 .91 - .54 - .11 .93 .000058 
Head 16 .90 - .85 - .21 .93 .0000061 
Bone 36 .83 - . 38 - .068 .86 0 
Feet 250 .79 -1.70 - .16 .64 .00082 
Rumen 480 .92 - .59 - .43 - .30 .012 .83 .00021 
contents 480 .90 - .59 - .030 .59 .00088 
^Equilibration time in minutes. 
^The values of the equilibration ratios predicted from the 
exponential equations at the estimated equilibration times. 
^Equations of the form A1 e^^^ + A2 e^^^ + A3 e^^^ where t = time in 
minutes. 
^The average of liver, kidney, heart, brain, and lung. 
®The average of perirenal and omental fat. 
^The average of muscle, carcass fat, and hide. 
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Table 1. (continued) 
Tissue EQ® EQ" Exponential Equations^ 
T R A1 K1 A2 K2 A3 K3 
Reticulum 40 .84 - .46 - .039 .94 0 
contents 60 .77 - .85 - .025 .96 0 
Omasum 12 .91 - . 68 - .23 .95 0 
contents 45 .83 -4.31 - .95 - .31 - .023 .93 .00020 
Abomasum 10 .90 -1.00 - .38 .92 .00015 
contents 30 .88 - .26 - .029 -1.20 - .40 .99 0 
Sm. Int. 5 .95 -6.81 -1.03 .062 - .0074 .93 0 
contents 5 .98 -17.12 -1.23 1.02 - .00011 
Cecum 200 .91 - . 38 - .012 .94 0 
contents 200 .95 - .96 - .57 - .82 - .018 .94 .00017 
Up. L. Int. 200 .92 - . 30 - .0067 1.00 0 
contents 200 .96 - .72 - .015 1.00 0 
Low. L. Int. 10 .92 .92 .00014 
contents 30 .90 - .48 - . 088 .93 .000037 
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experiments-could be due either to differences between species or to 
different properties in the portions of large intestine measured. 
The different equilibration rates of water in tissues of ruminants 
must be reflected in any model used to estimate the quantity of water in 
portions of the ruminant body. Because the water in some portions of the 
gastrointestinal tract tissues and contents equilibrated sooner than the 
majority of body tissues, while the water in other gut tissues and 
contents did not completely equilibrate as soon as the majority of body 
tissues, accurate separation between water in gut contents and tissue 
water by compartmental analysis would be unlikely. Five groupings of 
tissues are evident based upon the rate of equilibration. Water in 
spleen, liver, kidney, heart, brain, and lung equilibrated in less than 3 
min. Water in perirenal fat, omental fat, abomasal tissue, lower large-
intestine tissue, omasal tissue, and head equilibrated between 8 and 16 
min. Water in small-intestine tissue and contents equilibrated by 5 min 
and, thus, could be placed in either the first or second group; however, 
because the tissues in the first group were homogeneous in equilibration 
time and water in small-intestine contents has been observed to 
equilibrate as late as 30 min (3), the small intestine would more likely 
be similar to the tissues in group 2. A third group of tissues, which 
equilibrated within 30 to 40 min, would include muscle, fat, hide, 
abomasal contents, lower large-intestine contents, carcass bone, and 
reticular tissue. The time of equilibration of water in omasal contents 
was not clear, but it was closest to the equilibration times of the 
tissues in the third group. A fourth group of tissues, with an 
equilibration time between 200 and 250 min, would include feet, cecal 
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tissue and contents, and upper large-intestine tissue and contents. The 
last group would include ruminai tissue and contents, in which water 
equilibrated by 480 min. The reticular contents could be placed in 
either group 3 or 4, but because of its proximity to ruminai contents and 
the difficulty in separating the reticulum from the rumen in cattle, it 
probably should be placed in group 5. The disappearance of DgO from 
blood and other body fluids has been best described by three- or four-
component exponential equations (3). Current usage of compartmental 
analysis based upon disappearance of DgO from blood has not produced (1) 
the desired result of separating the water in the contents of the 
gastrointestinal tract from water in other body tissues, and the volumes 
of the compartments estimated by compartmental analysis have not been 
related to expected anatomical locations. The groupings of the tissues 
determined in the present experiment may provide some basis as to the 
tissues associated with the compartments determined by compartmental 
analysis; however, one or two of the five groupings must be combined with 
other groups. Problems with using disappearance of DgO from blood in 
compartmental analysis could be due to an inadequate sampling schedule, 
too great of a biological or analytical variation to allow adequate 
resolution of the curves, or the disappearance of DgO from blood do not 
fully reflect the equilibration process in tissues. 
Generally, the rate of equilibration of tissues, as measured in the 
present experiment, related to the magnitude of tissue blood flow 
previously measured in sheep (11). The average rate of blood flow to 
spleen, kidney, and heart was measured to be 313 ml/min per 100 g of 
tissue. Rumen and large intestine averaged 66 ml/min per 100 g of tissue 
and muscle and skin averaged 5 ml/min per 100 g of tissue. A 
mathematical model based upon a theoretical 70 kg man has been proposed 
(8) to describe the equilibration process of water isotopes. The model 
simulated three groups of tissues with each group having different rates 
of blood flow and different volumes of water. The relationship between 
blood flow rate and compartment size dictated the time required for the 
system to equilibrate in this model. Such a model could be applied to 
ruminants, but blood flow rates and quantities of water in tissues as 
well as the rate of equilibration of water in tissues need to be known 
before the accuracy of the model in describing equilibration process of 
water in tissues of ruminants can be evaluated. 
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ABSTRACT 
Water volumes of 29 tissues and gut contents were measured in 15 
sheep and rates of blood flow to the tissues were measured in four sheep. 
The equilibration of deuterium oxide (DgO) in 29 tissues and gut contents 
were not accurately simulated by a mathematical model in which the only 
factor regulating equilibration was blood flow. Inclusion of a factor 
for diffusion of D^O into tissues with blood flow provided a good fit of 
the results of the model with experimentally measured equilibration 
rates. Changes in rates of flow of water through the gastrointestinal 
tract had minimal affects upon equilibration of DgO in the body. 
Increasing the volume of water in muscle did not affect equilibration 
time for muscle, whereas increasing the volume of water in ruminai 
contents increased equilibration time for ruminai tissue and contents. 
The measured concentrations of DgO in jugular blood from the sheep were 
not similar to the simulated blood concentrations from the model. 
Compartmental analysis of the simulated blood concentrations of DgO 
enabled some accuracy in predicting the volume of ruminai contents but 
not of other tissues. Compartmental analysis using the measured 
concentrations of DgO in blood of the sheep was not useful in estimating 
the volume of water in ruminai contents of individual animals. The use 
of the disappearance of DgO from blood in compartmental modeling will not 
enable the accurate prediction of water volumes of portions of the body. 
(Keywords: Deuterium Oxide; ruminant; Compartmental Modeling.) 
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INTRODUCTION 
A mathematical model with incorporation of different rates of 
perfusion of blood through different tissues has been proposed (9) to 
describe the equilibration process of deuterium or tritium oxide in 
mammals. The model consisted of three compartments, with one group of 
tissues having a high rate of blood flow, but containing a relatively 
small proportion of total body water, and another group of tissues having 
a low rate of blood flow, but containing a high proportion of total body 
water. The model was scaled for a 70-kg man. The rates of blood flow 
and the volumes of water in the three compartments were estimated from 
data obtained from several experiments involving man or primates. 
Because the data were obtained under different experimental conditions 
and the rates of blood flow and the volumes of water in tissues were not 
measured for all tissues of the body, the blood-flow model was not 
adequately evaluated to test its validity. 
Compartmental modeling has been used in attempts to predict the 
volume of water in portions of the body by pooling tissues of the body 
into two or three compartments that supposedly equilibrate at similar 
rates (7, 31). The use of compartmental modeling in cattle, however, has 
been found (2, 4) to be inadequate for estimating the volumes of water in 
various portions of the body for use in estimating body composition. It 
was previously found (5) that the tissues and gastrointestinal tract 
contents of ruminants could be separated into five groups based according 
to the rates that water in these tissues equilibrated with blood. This 
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would support the concept that tissues of the body can be grouped into 
distinct compartments, which may be solvable by compartmental analysis. 
The objective of this experiment was to develop a blood-flow model 
for sheep in which both blood flow rates and water volumes of tissues 
were measured and to compare the results from such a model with 
previously reported (5) tissue equilibration rates. It was also desired 
to use the simulated concentrations of DgO in blood from the blood-flow 
model to evaluate the usefulness of the compartmental modeling approach. 
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EXPERIMENTAL 
Methods 
Fifteen sheep were given a single dose of DgO (.2 g/kg live weight) 
via a jugular catheter. After dosing, the catheter was flushed with 10 
ml of physiological saline. One blood sample was taken before dosing, 
and 10-ml samples of blood were collected at 2, 4, 6, 8, 10, 14, 18, 22, 
26, 30, 40, 50, 60, 75, 90, 105 min, and 2, 2.5, 3, 4, 6, 8, 10, 12, 16, 
24, 36, 48, 60, and 72 h after dosing. After approximately 1 mo, the 15 
sheep were given a second dose of DgO, and blood samples were collected 
at the same time intervals as the first sampling until the sheep were 
killed. The sheep were killed at 6.8, 9.5, 9.9, 13.5, 16.5, 21.5, 25.8, 
36.5, 53.3, 65.5, 92.0, 158.4, 244.8, 362.5, and 482.4 min after DgO 
dosing. The sheep were then separated into 35 portions and processed as 
previously described (5). Blood and tissue samples were analyzed for OgO 
concentration as previously described (3). The rates of equilibration of 
DgO in the tissues of these sheep has been reported previously (5). Dry-
matter percentages of tissues and blood samples were determined by 
lyophilization. 
The rates of blood flow in tissues were measured in four of the 15 
OC 
sheep by using 15 + 3-um diameter microspheres labeled with Sr, which 
were suspended in 10% dextran solution (3M Nuclear Products Division, St. 
Paul, MN). The procedures that were used to measure blood flow were 
adapted from previously reported procedures (8, 21). Three to 5 d before 
the measurements of blood flows were made and within a week before the 
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measurements of equilibration rates in tissues were made, the sheep were 
anesthetized with a mixture of oxygen and halothane and surgically 
prepared with catheters located in the left ventricle of the heart, the 
descending aorta, and the vena cava. The position of the catheters was 
verified post-mortem. 
The vial of microspheres was vortexed for several minutes to suspend 
the microspheres, and approximately 3.7 g dosage of the dextran solution 
containing microspheres (approximately 1.8 X 10^ microspheres) was drawn 
into a 5-ml disposable syringe. The actual dosage was determined by 
difference in weight between the filled and emptied syringe. The sheep 
were given 10000 units of heparin to prevent the sampled blood from 
clotting. The microspheres were injected into the left ventricle of the 
heart over a 30-s period, followed with a 10-ml physiological saline 
flush. From 30 s before to 3.5 min after injection of the microspheres, 
approximately 40 ml of blood were sampled by a Harvard syringe pump from 
both the descending aorta and the vena cava. The blood was drawn into 
4.9-m lengths of 3-mm diameter (ID) polyethylene tubing filled with 
physiological saline. The volumes of blood sampled were measured by 
delivering the quantity of saline that was aspirated into the syringe 
from the polyethylene tubing into a graduated cylinder. The actual 
sampling rates of the arterial and venous blood samples were determined 
by dividing the volume of blood sampled by the length of time the blood 
was sampled. The total quantity of sampled blood was placed into 17 X 
100 mm polystyrene test tubes in approximately 2-ml portions. The 
polyethylene tubing was flushed with water, and the water placed into 
test tubes. 
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Within 5 d after injection of the microspheres, a single dose of OgO 
was injected into the four sheep, and samples of blood from the 
descending aorta, vena cava, and jugular vein were taken at the same time 
intervals as indicated previously. After tissues were processed, six 
replicates of approximately 5-g portions of the tissues and 
gastrointestinal tract contents were weighed into test tubes. Blood 
samples and tissue samples were counted for either 10 min or 40000 total 
counts using a Tracor Analytic Automatic Gamma Counter (model 1191). The 
total number of counts in blood samples and in each tissue was calculated 
for each animal. The number of counts measured in digesta samples was 
added to the counts measured in the tissues of the gastrointestinal-tract 
segments from which the digesta had been removed. The rate of blood flow 
through each of the sampled tissues was calculated by dividing the total 
number of counts in the tissue by the total number of counts in the 
arterial blood sampled during the injection of the microspheres and then 
multiplying this ratio by the measured rate that the blood was removed by 
the syringe pump. The degree of by-pass of the capillary bed by 
microspheres in each animal was calculated by dividing the radioactivity 
measured in the blood sampled from the vena cava by the radioactivity 
measured in the blood sampled from the descending aorta. The arterial 
blood flow to the lung was then corrected for the calculated degree of 
by-pass of microspheres. 
The total number of microspheres injected into each animal as well as 
the total number of microspheres recovered in the tissues was calculated. 
The density (g/ml) of the solution of microspheres suspended in 10% 
dextran (Dspsol) was measured in four replicates by weighing 1-ml 
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aliquots. The volume (ml) of the solution of microspheres that was dosed 
into each sheep (Vspdose) was calculated by the equation Vspdose = Dspsol 
X WTspsol where WTspsol was the weight (g) of the solution of 
microspheres that was injected into the sheep. Ten microliters of the 
suspended microspheres were diluted to 10 ml with a 20% dextran solution, 
and 1-ml aliquots were placed into each of four test tubes. This was 
repeated for a second dilution of the microspheres. The average 
radioactivity (cpm) per ml of the diluted solution of microspheres was 
multiplied by 1000 to obtain the radioactivity per ml of the solution of 
microspheres (SAspsol). The radioactivity in the injected dose (SAinj) 
was calculated by the equation SAinj = SAspsol X Vspsol. Droplets of the 
diluted solutions of microspheres were placed on pieces of glass cover 
slips, and the number of microspheres counted under a light microscope 
(35X). Approximately 200 microspheres were placed into each of 22 test 
tubes. The radioactivity in each tube was divided by the number of 
spheres in each tube. The average radioactivity per microsphere was 
obtained by averaging the results for the 22 tubes. The 1-ml aliquots of 
the diluted solutions and the test tubes containing approximately 200 
microspheres were counted at the same time as the blood and tissue 
samples taken from each sheep. The percentage recovery of microspheres 
in each animal was calculated by dividing the calculated number of 
microspheres in tissues by the calculated number of microspheres dosed. 
Cardiac output for each animal was calculated by summing the rates of 
blood flow to each of the tissues. Cardiac output was also calculated by 
multiplying the radioactivity injected into the animals by the 
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radioactivity measured to be in the arterial blood sample, and this ratio 
was then multiplied by the sampling rate of the arterial blood sample. 
Results 
The water content of tissues with the highest rate of blood flow 
(kidney, spleen, heart, cecal tissue, small-intestine tissue, and upper 
large-intestine tissue) and the liver and lungs, which are highly 
perfused by venous blood, constituted (table 1) only 6% of total body 
water. The tissues with the lowest rate of blood flow (carcass muscle 
and fat, hide, feet, omental fat, and perirenal fat) constituted 48% of 
total-body water. Water in the contents of the gastrointestinal tract 
constituted 18% of total body water. Approximately 75% of the water in 
gut contents was (table 1) in ruminai contents. After subtraction of the 
weight of shorn wool from live weight, the live weight of the sheep, 
which was measured just before the sheep were dosed with DgO, averaged 
4.471 kg greater than the summation of the individual tissues and 
contents. This weight loss was assumed to be primarily blood loss and 
evaporative losses during carcass processing. Because the origins of the 
weight loss was uncertain and because complete drainage of blood from the 
body was impossible, it was added to the amount of water in blood that 
was collected. This probably overestimated the amount of water in bloqd. 
The volume of total body water estimated by DgO dilution for the 15 sheep 
1 mo before the animals were sacrificed averaged 408 ml more than the 
actual amount measured in the tissues. 
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Table 1. Weight, water content, and rate of blood flow to sheep tissues 
and gut contents 
Tissue 
Tissue 
weight 
(kg) 
SE 
Water 
content 
(kg) 
SE 
Blood 
flow 
ml/min g'^ 
SE 
Spleen .144 ,008 .107 .006 2.99 1.19 
Ki dney .135 .005 .100 .004 4.71 1.42 
Lung 1.044 .071 .644 .038 .42 .14 
Heart .273 .018 .166 .011 1.37 .38 
Liver .866 .024 .607 .016 .13 .04 
Brain .114 .004 .089 .003 .65 .18 
Perirenal fat 1.619 .250 .090 .014 .10 .06 
Omental fat 3.592 .281 .345 .016 .09 .05 
Head 2.455 .067 1.215 .032 .23 .05 
Rib Bone 2.514 .100 .910 .045 .31 .06 
Leg bone 2.403 .129 .633 .039 .25 .09 
Hindquarter 9.503 .316 5.056 .093 .07 .03 
Frontquarter 17.291 .876 7.942 .383 .06 .02 
L.D. muscle^ .854 .034 .575 .023 .07 .03 
Hide 5.433 .230 3.120 .144 .09 .04 
Feet 1.394 .038 .561 .020 .12 .05 
Blood 2.453 .135 2.088 .113 
^Tissue weights and water contents are average values of 15 sheep, 
and blood flow rates are average values of four sheep. 
^Longissimus dorsi muscle. 
Table 1. (continued) 
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Tissue 
Tissue 
weight 
(kg) 
SE 
Water 
content 
(kg) 
SE 
Blood 
flow 
nil/min g"^ 
SE 
Rumen .845 .051 .597 .038 .42 .18 
contents 6.293 .605 5.028 .509 
Reticulum .203 .013 .139 .009 .50 .19 
contents .284 .041 .228 .034 
Omasum .119 .007 .081 .005 .47 .12 
contents .086 .015 .063 .011 
Abomasum .221 .014 .132 .008 .90 .26 
contents .220 .048 .173 .037 
Upper Sm. Int. .241 .019 .177 .018 1.13 .40 
contents .165 .018 .146 .016 
Lower Sm. Int. .242 .025 .186 .020 1.36 .47 
contents .223 .026 .197 .022 
Cecum .071 .003 .051 .002 1.58 .53 
contents .373 .047 .308 .040 
Upper L. Int. .181 .025 .112 .011 1.04 .24 
contents .485 .041 .393 .034 
Lower L. Int. .327 .028 .149 .007 .50 .13 
contents .204 .027 .148 .019 
Totalc 62.777 2.290 32.481 1.112 .13 .04 
^Total for whole body. 
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Cardiac-output was .13 ml/min per gram of body tissue when calculated 
by summing the flow rates to the individual tissues. Cardiac output was 
.12 ml/min per gram of body tissue when calculated on the basis of the 
radioactivity of the microspheres dosed and the radioactivity of the 
arterial reference sample. The rate of blood flow to fat was only 
slightly less than to muscle. The longissimus dorsi muscle had a blood-
flow rate of .07 ml/min g"^ (table 1), whereas intermuscular fat from 
around the longissimus dorsi muscle had a blood-flow rate of .06 ml/min 
g"^. The blood flow to hindquarter tissue, which included both muscle 
and fat, was .07 ml/min g"^ (table 1) and blood flow to a sample of 
muscle from the hind leg was .10 ml/min g"^. The equilibration rates of 
muscle and fat in the carcass were determined (5) to be similar. Hales 
(21) measured the rate of blood flow in tissues of 13 sheep at 
thermoneutral temperatures by using microspheres. The blood flow in 
ml/min per gram of tissue was 5.5 for kidney, 2.3 for spleen, 1.5 for 
heart, 1.3 for small intestine, .64 for large intestine, .68 for rumen, 
.70 for brain, .18 for hide, and .03 to .05 for muscle. These values are 
similar to the average blood flow to these tissues in the four sheep 
measured in the present experiment, except, that blood flow to hide was 
half, and muscle was approximately twice the rate observed by Hales (21). 
Average recovery of microspheres in the four sheep was 109% (SE 2%).  
The degree of by-pass of the capillary bed by microspheres in the four 
sheep averaged 4.9% (SE 2.5%). The recovery of DgO in the tissues and 
contents as a percentage of dose, after being corrected for both residual 
DgO from previous dosing and for estimated DgO losses from blood and 
evaporative losses during carcass processing, averaged 100.1% (SE 1.1%) 
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for the seven sheep killed within 26 min after dosing DgO. Time after 
dosing and percentage recovery of DgO were negatively correlated, with a 
correlation coefficient of .8. Recovery of DgO for the eight sheep 
killed between 36 and 482 min after dosing averaged 92.4% (SE .6%). Time 
after dosing and percentage recovery were positively related, with a 
correlation coefficient of only .4. This indicates that the apparent 
loss of DgO occurred over the first 40 min after dosing. After 40 min, 
the percentage recoveries of DgO in the animals were variable either due 
to sampling and analytical errors or to differences in the rate of water 
losses from the animals. Some of the apparent loss of DgO would be due 
to exchange of deuterium with the exchangeable hydrogen of body proteins, 
carbohydrates, and lipids. The extent of exchangeable hydrogen is 
thought to be less than 5.2% (11), with the actual value being 2 to 3% 
(10, 33). Loss of tritium from the body of sheep through urine has been 
measured to be 1% of the dose of isotope (36) over 8 h. Loss of tritium 
in both feces and urine of sheep has been measured to be .5% of the dose 
over a 6-h period, and respiratory losses were measured to be 1% of the 
dose per day (38). 
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BLOOD FLOW MODEL DESIGN 
A mathematical model was developed based upon the rate of blood flow 
to various tissues that was measured in four sheep and the quantity of 
water measured in the tissues of 15 sheep (table 1). Blood flow to the 
tissues was calculated by using the average measured flow rates of the 
four sheep adjusted for the average tissue weights of the 15 sheep. The 
model was composed of 29 compartments. These compartments represented 
the brain, carcass muscle and fat, hide, head, feet, carcass bone, 
perirenal fat, kidneys, ruminai tissue, ruminai contents, reticular 
tissue, reticular contents, omasa! tissue, omasal contents, abomasal 
tissue, abomasal contents, small-intestine tissue, small-intestine 
contents, cecal tissue, cecal contents, upper large-intestine tissue, 
upper large-intestine contents, lower large-intestine tissue, lower 
large-intestine contents, spleen, omental fat, liver, lung and heart, and 
blood. It was assumed that each of these compartments was homogeneous. 
The initial concentration of DgO in the blood compartment was 
calculated by dividing the dosage of DgO by the volume of water in blood 
(arterial + venous). The concentrations of DgO in the other compartments 
were initially set to zero. Loss of water from the system was considered 
to occur from hide, kidney, lower large-intestine contents, and lungs. 
The rate of water loss from the system (1.41 ml/min) was calculated from 
the slope (natural log basis with time expressed in minutes) of the 
average disappearance of DgO from blood measured in the 15 sheep at times 
greater than 8 h by using the equation: 
water loss (ml/min) = (slope)(total body water estimate in ml) 
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Water intake (1.25 ml/min) was calculated to be 88.4% of water loss (1, 
12), with the remaining 12.6% assumed to be water that was produced 
metabolically. Urine water loss was calculated as 40.8% of water loss 
(1, 12). Fecal-water loss (water flow from lower large-intestine 
contents) was estimated to be .70 ml/min (12, 19, 20, 22, 26). 
Insensible water loss was calculated by difference. Respiratory water 
loss (.30 ml/min) was assumed to be 8/9 of insensible water losses (29), 
and water losses through skin (.03 ml/min) were assumed to be 1/9 of 
insensible water losses. Entry of water into the system occurred via 
ruminai contents to represent ingested water and via muscle to represent 
metabolic water. Saliva flow was set at 6.00 ml/min (15, 40, 42) and was 
considered to enter into ruminai contents. Sequential passage of water 
through the contents of the gastrointestinal tract segments was 
incorporated into the model, except that 50% of the water leaving the 
small-intestine contents was conceptualized to enter cecal contents and 
50% to enter upper large-intestine contents. The rate of passage of 
water through the contents of the gastrointestinal tract was estimated 
from measured values reported by several researchers (6, 10, 16, 20, 22, 
23, 24, 26, 28, 39, 40). The flow of water from each gut segment was 
9.66 ml/min for ruminai contents, 9.80 ml/min for reticular contents, 
8.90 ml/min for omasal contents, 11.00 ml/min for abomasal contents, 7.20 
ml/min for small-intestine contents, 2.50 ml/min for cecal contents, and 
2.30 ml/min for upper large-intestine contents. Net absorption or 
secretion of water by the tissues of a gut segment was calculated as the 
difference between the rate of water entering and leaving the contents of 
the particular gut segment. The rate of equilibration between gut 
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tissues and gut contents was assumed to be the same as the blood-flow 
rate to gut tissues. 
Blood flow to the liver included arterial blood flow, and venous 
blood flow composed of the summation of the blood flows leaving the 
gastrointestinal tract tissues, the spleen, and omental fat. The flow 
rate to the compartment representing the heart and lung was set equal to 
the summation of the blood flows from the rest of the tissues. With 
exception of the blood compartment, mass-balance equations were written 
for each compartment and were of the form: 
dC/dt = z QI.CI. - z QO.C 
i ^ ^ j J 
where C is the concentration of DgO in the compartment, t is time, QI^ is 
the ith flow of water into the compartment, CI^ is the ith concentration 
of DgO in the ith flow of water entering the compartment, QOj is the jth 
flow of water leaving the compartment, and T. is the summation of all 
influxes (i) or effluxes (j) relative to the compartment. An additional 
differential equation was written for the loss of DgO from the system and 
was based upon the DgO concentrations and water loss rates from the four 
compartments for which it was assumed that water loss from the system 
occurred. The concentrations of DgO calculated for the compartments 
representing bone and feet were multiplied by .90, and the concentrations 
of DgO for the compartments representing head tissue were multiplied by 
.97. Previously (5), it had been found that the tissues containing bone 
did not completely equilibrate with blood. 
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A computer program (35) utilizing a fourth-order Runge-Kutta method 
for solving simultaneous differential equations with a step size 
adjustment routine and incorporating Gill's modification of the Runge-
Kutta method was used to solve the model. The program was implemented in 
Turbo Pascal and executed on Hewlett Packard microcomputers (models 150 
and 110) and in Fortran on a mainframe computer. 
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BLOOD FLOW MODEL RESULTS 
Water in all tissues and gut contents except for spleen, kidney, lung 
and heart, liver, and brain equilibrated much too quickly (table 2) when 
it was assumed in the model that the rate of blood flow through tissues 
was the only factor controlling the rate of entry of DgO into the water 
contained within the tissues. Thus, it seems that blood flow was not the 
only factor limiting equilibration of DgO, and that some limitation in 
diffusion of DgO from capillaries into the water located inside the cells 
of tissues must exist. 
Calibration 
An equilibration ratio was calculated by dividing the simulated 
concentrations of DgO for each compartment by the simulated 
concentrations in blood. The calculated equilibration rates for each 
compartment were graphically compared, by using the Lotus spreadsheet 
program on a microcomputer, with the experimentally measured (5) 
equilibration rates in 19 sheep and nine cattle. 
The model was modified by assuming that water entering the tissues 
via blood did not completely equilibrate with tissue water. This was 
accomplished by multiplying the net change per unit time of the quantity 
of DgO entering or leaving each tissue compartment, as calculated in the 
mass-balance differential equations, by a correction factor (kl), which 
was set to be less than one. The magnitude of kl for each tissue 
compartment was determined by repeatedly solving the model, after 
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Table 2. Equilibration times and mean-square errors for tissues and gut 
contents as simulated by blood-flow models consisting of 29 
compartments 
Measured® Flow limi t*^ Flow & diffusion' 
EQ time EQ time MSE^ EQ time MSE* 
Tissue (min) (min) (min) 
Spleen <3 0 .63 1 .51 
Kidney <3 0 .24 0 .25 
Lung & heart <3 0 .11 0 .14 
Liver <3 0 .25 1 .25 
Brain <6 2 .25 4 1.00 
Perirenal fat 7 0 .79 5 2.69 
Omental fat 8 2 1.71 8 2.55 
Head 15 2 2.60 20 .79 
Bone 35 2 2.46 52 1.36 
Muscle & fat 30 14 2.44 22 1.82 
Hide 30 9 4.62 27 2.37 
Feet 250 3 20.46 122 3.22 
^Equilibration (EQ) times reported previously (5). 
^Model solved when rate of blood flow to tissues was the only factor 
limiting equilibration of water between tissues and blood. 
^Model solved when both rate of blood flow to tissues and diffusion 
into tissues limited equilibration between tissues and blood. 
^Goodness of fit (mean-square error) of the models as compared with 
experimentally measured (5) equilibration rates of OpO in tissues. 
Values were multiplied by 100. 
Table 2. (continued) 
179 
Measured^ Flow limit'' Flow & diffusion^ 
Tissue 
EQ time 
(min) 
r  1  u w  
EQ time 
(min) 
1  1  I I I  1  U  
MSE^ 
r i u  a  u 1  
EQ time 
(min) 
1  1  U d  1  V I I  
MSE^ 
Rumen 480 81 5. 14 316 1. 43 
contents 480 93 11. 47 400 1. 73 
Reticulum 40 8 6. 42 136 2. 89 
contents 60 8 29. 56 250 5. 12 
Omasum 12 4 2. 53 21 1. 50 
contents 45 4 12. 26 31 6. 15 
Abomasum 10 2 6. 71 13 1. 36 
contents 30 2 7. 52 15 4. 27 
Sm. Int. 5 2 1. 11 7 1. 54 
contents 5 2 • 95 7 1. 91 
Cecum 200 7 12. 38 102 5. 04 
contents 200 7 34. 50 160 1. 28 
Upper L. Int. 200 5 8. 61 91 1. 81 
contents 200 5 26. 98 124 3. 23 
Lower L. Int. 10 3 1. 44 30 1. 29 
contents 30 3 5. 64 42 2. 27 
Total® 209. 78 59. 77 
®Total for all compartments. 
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adjusting these factors, in an attempt to graphically match the 
equilibration rate for each tissue compartment with the rate measured 
experimentally. Because the model produced equilibration rates for water 
in gut contents that were faster than the experimentally measured rates, 
a second correction factor (k2) was used in the differential equations to 
decrease the rate of exchange of water between the water in gut tissues 
and the water in gut contents. This factor was adjusted for each gut-
content compartment by repeatedly solving the model and changing the k2's 
until the predicted equilibration rates were similar to the 
experimentally measured rates for gut contents. The values used in the 
model for the kl's and k2's do not represent optimized values, but are 
approximations that allowed the model to simulate the equilibration rates 
that were measured experimentally. 
The physiological basis of the correction factors kl and k2 were not 
delineated in the present experiment. Isotopes of water readily cross 
the red blood cell wall (18, 25), visceral pleura (27), and the capillary 
wall (14). The extent of extraction of DgO from blood in one pass 
through the forearm of man has been measured to be 95% (17). However, it 
has also been demonstrated (14), with in vitro dialysis of fresh or 
frozen and thawed muscle strips, that the cell wall does present some 
hindrance to DgO diffusion. When comparing venous concentrations of OgO 
with arterial concentrations while perfusing preparations of isolated 
muscle, heart, and liver (25, 37) at different flow rates, it seemed that 
the rate of blood flow regulated the rate of uptake of DgO by tissue; 
however, a small degree of deviation between the theoretically calculated 
and the measured DgO concentrations in venous blood was observed. The 
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DgO concentrations in perfused heart and muscle tissues were consistently 
lower (37) than the venous concentrations. The concentrations of DgO in 
the tissue of perfused-isolated segments of the small intestine were 
lower (41) than the values calculated on the basis of blood flow limited 
equilibration. Thus, although DgO is highly permeable so that blood flow 
is a major factor limiting the rate of movement of DgO between blood and 
tissue, some limitation in diffusion exist at the cell wall that also 
affects the passage of DgO. 
Several models have been presented (30) that define the process of 
equilibration of diffusible solutes across capillaries with incorporation 
of an exchange resistance mechanism. One model involved the use of 
Renkins equation: 
(Cg - c^) / (Cg - C;) = 1 - exp(-PS/Q) 
where c^ is the concentration of solute in arterial blood, c^ is the 
concentration of solute in venous blood, c^ is the concentration of 
solute in the tissue, P is the permeability (cm/sec) for the transfer of 
solute from the capillaries into the tissue, S is the interfacial area 
across the length of the capillaries (cm ), and Q is the blood flow rate 
(ml/min). If this equation is applied to a homogeneous tissue and Q is 
expressed in ml/min g~^, the product PS represents the total conductance 
per gram of tissue for diffusion of the solute. As used for each tissue 
of the blood-flow model presented in the present paper, the actual 
arterial-venous difference in DgO concentration (c^ - c^) was equal to 
kl(Cg - c^). Thus, kl = 1 - exp(-PS/Q) and. PS = Q[ln(l/(l-kl))]. The 
calculated values of the product PS for the various tissues based upon 
the values of kl determined after repeatedly solving the model and 
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adjusting the kl's were 1.79 for spleen, 3.26 for kidney, 4.53 for heart 
and lung, 2.11 for liver, .45 for brain, .016 for perirenal fat, .015 for 
omental fat, .035 for head, .014 for bone, .042 for muscle and fat, .040 
for hide, .010 for feet, .12 for ruminai tissue, .17 for reticular 
tissue, .093 for omasa! tissue, .20 for abomasal tissue, .33 for small-
intestine tissue, .17 for cecal tissue, .075 for upper large-intestine 
tissue, and .070 for lower large-intestine tissue. 
A countercurrent mechanism has been found (13) to adequately describe 
the equilibration of water between ruminai tissue and contents. This 
mechanism would be expected to exist in the other gut tissues. This 
relationship is: 
1/C = 1/Pe + 1/Q + Pcc/qZ 
where C is clearance of the tracer between the tissue and the contents, 
Pe is the permeability-area product for the epithelium, Pcc is the 
effective permeability-area product of the countercurrent exchange, and Q 
is the blood water flow with the units in flow per unit weight (ml/min g~ 
^ epithelium). In the present experiment, the product k2Q would be equal 
to C. Thus, k2 = QPe/(Q^ + PeQ + PePcc). Because the rate of blood flow 
to ruminai epithelium and the quantity of epithelial tissue were not 
measured in the present experiment, an accurate calculation of k2 from 
the determined values (13) of Pe and Pcc for sheep was not possible, but, 
if blood flow rate to ruminai epithelium and the quantity of epithelial 
tissue are estimated from previously reported values (13), k2 calculates 
to be approximately .4 for the rumen. The estimated value of k2 for the 
model developed in the present experiment was .24. The values of k2 for 
the other gut segments were .21 for reticulum, .22 for omasum, .16 for 
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abomasum, .77 for small intestine, .05 for cecum, .06 for upper large 
intestine, and .11 for lower large intestine. 
When the flow rate of water through the gastrointestinal tract as 
estimated from the literature was used, the equilibration ratios for the 
tissues and contents of the cecum, upper large intestine, and lower large 
intestine approached a value between 1.1 and 1.2 instead of 1.0. The 
equilibration ratio approached in the abomasal tissue and contents was 
.95. When the flow rates were reduced to one-third to half of the values 
taken from the literature, the extent of over or under equilibration with 
blood was less. The reduced values of gut flows that were subsequently 
used in solving the model were flow rates of 4.00 ml/min from ruminai 
contents, 3.75 ml/min from reticular contents, 2.75 ml/min from omasal 
contents, 5.00 ml/min from abomasal contents, .96 ml/min for water flow 
from the small-intestine contents into cecal contents, 1.44 ml/min for 
water flow from the small-intestine contents into upper large-intestine 
contents, .3 ml/min from cecal contents, .76 ml/min from upper large-
intestine contents, and .50 ml/min from the lower large-intestine 
contents. Saliva flow rate was set at 4.00 ml/min. When the rates of 
water movement between the contents of the segments of the 
gastrointestinal tract were set to zero, the equilibration ratio 
approached in all gut compartments was 1.0. 
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Validation 
Squared deviations between the experimentally measured ratios of 
equilibration and the ratios calculated from the blood-flow model were 
calculated. A mean-square error for each compartment was calculated by 
dividing the summation of the squared deviations, for times greater than 
4 min, by one less then the number of ratios included in the sum. By 
summing the mean-square errors for the 29 compartments, a total mean-
square error was obtained for the model as a measure of goodness of fit 
of the model. When assuming that the equilibrating process is limited by 
both blood flow and diffusion, the model fitted the experimentally 
measured values better than when assuming that only blood flow was 
limiting equilibration (table 2); thus, only the model that included 
allowances for diffusion limitations was evaluated further. 
The usefulness of the values determined for kl and k2 at different 
rates of blood flow were evaluated by using the flow rates measured in 
two of the sheep with the greatest extremes of difference from the 
average blood flow for the four sheep. The total mean-square error for 
the model using values from the sheep with the highest blood flow rates 
was .7824 and 2.3204 when using blood-flow rates measured in the sheep 
having the slowest blood flow. When the kl's were adjusted for blood 
flow in accordance to Renkins equation and the k2's were changed 
proportionally to the blood-flow rates measured in each sheep, the total 
mean-square error decreased (.5728 and .7298, respectively, for the high 
and low flow rates). 
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A number of limitations of the model were evident. The degree of 
over equilibration was greater when calculated by using the model than 
was observed for experimentally measured data for brain, perirenal fat, 
small-intestine tissue, and omental fat while the degree of over 
equilibration was less for the model than the experimentally measured 
data for spleen, liver, and kidney. Regardless of the values chosen for 
kl, the degree of over equilibration could not be matched to the data 
measured experimentally. In the model, all tissues were treated the same 
in adjusting the equilibration rate due to diffusion limitations. 
Certain tissues such as the lung, liver, and kidney are much more 
vascular than other tissues and may require a different mathematical 
relationship than other tissues for defining the diffusion process. The 
values used for the flow of water through the gastrointestinal tract and 
the value chosen for saliva flow were only approximations. Even though 
the model was developed from data in which the animals were divided into 
35 portions for consideration of differences in equilibration, many of 
these portions may not be homogeneous. Blood flow is dynamic, whereas in 
the model, blood flows were held constant over time for each compartment. 
No distinction was made between arterial and portal or venous blood. 
The concentration of DgO in blood during the first 15 min after 
dosing as simulated by the blood-flow model with diffusion limitations 
was greater (430 ppm greater at 3 min, 270 ppm greater at 5 min, and 80 
ppm greater at 10 min) than in the 15 sheep as measured 1 mo before the 
equilibration rates of water in tissues and contents were measured 
(figure 1). This was the case even though the model was adjusted so that 
tissue uptake of DgO simulated by the model was similar to the measured 
Figure 1. DgO-disappearance curves for blood simulated by blood-flow models 
measured directly in sheep 
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uptake of DgO in tissues of the sheep and despite using the same dosage 
of OgO in the model as the average dosage given to the 15 sheep. The 
quantity of total body water used in the model was similar to the 
quantity in the sheep. The quantity of total body water measured in the 
tissues, which was used in the model, was 1% less than the quantity of 
total body water in the sheep as estimated by DgO dilution by using a 
one-compartment model. The one-compartment model is known (2) to 
overestimate total-body water by much more than \%. The sheep gained an 
average of 1.3 kg of weight between the first bleeding and second 
bleeding; thus, it is doubtful that total body water content of the sheep 
decreased. The average of measured concentrations of DgO in blood 
sampled from the aorta was greater (85 ppm greater at 3 min and 30 ppm 
greater at 5 min) than in blood sampled from the jugular vein of the four 
sheep in which blood flow was measured. The average concentration of DgO 
in blood sampled from the aorta of three sheep was also greater (55 ppm 
at 3 min and 20 ppm at 5 min) than in blood sampled from the vena cava, 
but to a lesser extent than for jugular blood. The concentrations of OgO 
in blood samples from the aorta, jugular vein, and vena cava were similar 
by 8 to 10 min after dosing. Although some difference in concentration 
of DgO existed between arterial and venous blood, the degree of 
difference was much less than the difference between the measured and 
simulated concentrations of DgO. Thus, the discrepancy in blood 
concentrations between the simulated and measured values seems to be due 
to an insensitivity of the measured concentrations of DgO in blood to 
reflect the equilibration process in tissues. The measured 
concentrations of DgO in blood from the sheep were closer (35 ppm greater 
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at 3 min, 15 ppm lower at 5 min, and 45 ppm lower at 10 min, with similar 
concentrations occurring after 90 min) to the concentrations of DgO in 
blood simulated by the model when only blood flow limited equilibration 
than when both blood flow and diffusion limited equilibration (figure 1). 
Sensitivity 
The modified model was used to evaluate the effect of changing the 
rates of passage of water through the gastrointestinal tract, increasing 
the volumes of water in muscle by 3.7 1 or 2.0 1, and increasing the 
volume of water in ruminai contents by 3.7 1 or 2.0 1 upon rates of 
equilibration of DgO in the various tissues and gut contents. 
Changing rates of flow of water through the gut contents had minimal 
effects upon the results of the model. The total mean-square error for 
the model when the rates of gut flow were set to the values obtained from 
the literature was .6495 while being .6277 when gut flows and the rate of 
saliva secretion was set to zero. Changing gut flows had little effect 
upon the equilibration rates of water in nongut tissues, but did affect 
the equilibration rates of water in some gut tissues and contents. When 
gut flows were set to zero, the water in reticular tissue and contents 
equilibrated faster while the water in cecal and upper large-intestine 
tissues and contents equilibrated more slowly than when gut flows were 
set to the reduced values. When gut flows were set to the values 
obtained from the literature, reticular tissue and contents equilibrated 
more slowly while cecal and upper large-intestine tissue and contents 
equilibrated faster than when gut flows were set to the reduced values. 
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The increased volume of water in ruminai contents slowed the rate of 
equilibration of water in ruminai tissue and contents. When the volume 
was increased by 3.7 1, equilibration time increased by 175 and 215 min, 
respectively, for ruminai tissue and contents. When the volume was 
increased by 2.0 1, the equilibration time increased by 65 and 125 min, 
respectively, for ruminai tissue and contents. The total mean-square 
errors for the model were .6006 and .5957, respectively, for the 3.7-1 
and 2.0-1 increases in volume, which were similar (table 2) to the total 
mean-square error for the model when ruminai contents were not changed. 
Increasing the volume of water in muscle did not appreciably affect the 
equilibration time in muscle, but the equilibration rates tended to 
increase in most tissues and contents, which caused a small increase in 
the total mean-square error (.6682 and .6351 for the 3.7-1 and 2.0-1 
increased volumes, respectively). 
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COMPARTMENTAL MODELS 
NLIN, a least-squares nonlinear fitting routine (32), was used to fit 
exponential components to the disappearance of DgO from blood for the 15 
sheep and for the blood-flow model to determine the number of exponential 
components that constituted the disappearance curves. The simulated 
concentrations of DgO in blood were adequately defined by four 
exponential components even though the model was composed of 29 
compartments, with many having different equilibration rates. The 
disappearance of DgO from blood of the sheep were adequately defined by 
three exponential components. The equilibration rates of the 29 tissues 
and contents had previously (5) been placed into five groups based upon 
equilibration rate. Three exponential components have usually 
constituted the disappearance of DgO from blood (2, 31), but four 
exponential components have also been required (4). The ability to 
separate the disappearance of DgO from blood into only a few exponential 
components suggests that compartmental modeling may be a suitable 
approach to estimate the water volumes of portions of the body. However, 
because the measured concentrations of DgO in blood did not reflect the 
equilibration process in the body, compartmental modeling, which is based 
upon the measurement of DgO in blood, would not be expected to be of much 
value. The same conclusion was made (41) when isolated segments of the 
small intestine were perfused, and it was found that the concentrations 
of DgO in venous blood were similar to the calculated concentrations of 
DgO in tissues when assuming that only blood flow limited equilibration 
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of DgO in the tissue; however, the measured concentrations of DgO in the 
tissue were less than the calculated concentrations of DgO. 
Compartmental analysis (34) was applied to the simulated 
disappearance of DgO from blood to evaluate the usefulness of 
compartmental analysis for estimating compartment volume. The 
disappearance of DgO from blood, simulated by the blood-flow model for 
different blood and gut flow rates, were separated into exponential 
components by using a curve-peeling process, in which the regression and 
subtraction operations were performed on a calculator and microcomputer, 
respectively, and the selection of the segment of the curve to include in 
the regression was determined graphically. The resulting exponential 
components were used in solving (34) a two-compartment model (2CM) or a 
three-compartment model (3CM). Only the last two exponential components 
were used in the 2CM, and the last three exponential components were used 
in the 3CM, which would parallel the case when sampling of blood from 
animals would be started after the earliest compartments had already 
equilibrated, thus, lumping the early equilibrating compartments into one 
compartment. The 2CM was an open catenary system with equilibration 
occurring between the two compartments and water loss from the system was 
from compartment one, which was the compartment into which the dose of 
DgO was considered to have been injected. The 3CM was'an open mammillary 
system in which the dose of DgO was considered to have been injected into 
a central compartment (compartment one), water loss was from compartment 
one, and equilibration occurred only between compartment one and the 
other two compartments. 
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When the volume of water in the muscle and fat compartment was 
increased by either 3.7 1 or 2.0 1, the change in volume was reflected by 
a similar increase in the volume of compartment one in the 2CM (table 3). 
In the 3CM, the change in volume was reflected in the two fastest-
equilibrating compartments, but the compartment with the fastest 
equilibration rate decreased in volume while compartment two increased in 
volume to the extent of the increase in muscle water volume plus the 
extent of decrease in the volume of compartment one. When an increase in 
the volume of water in ruminai contents was simulated, the amount of 
increase was reflected by an increase in the volume of the slowest-
equilibrating compartment of both 2CM and 3CM. The volumes of 
compartments one and two in the 3CM also changed with equal, but opposite 
direction of change occurring in the two compartments. However, the 
direction of change was different for compartment one and two between 
increasing the volume of ruminai contents by either 3.7 1 or 2.0 1. 
Changes in gut flow did not affect (table 3) the prediction of 
compartment volumes for 2CM, and the volume of the third compartment in 
the 3CM did not change appreciably. The volumes of compartments one and 
two changed in opposite directions but of equal magnitude with the 
direction of change being different for the compartments, depending upon 
the degree of flow through the gastrointestinal tract. 
Attempts were made to match the volumes of water in tissues with the 
predicted compartment volumes. The volumes of water in the tissues were 
listed in increasing order of the times required for equilibration as 
predicted by the model. These volumes were sequentially summed until the 
the sum approximated the compartment volumes calculated from 2CM and 3CM. 
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Table 3. The effect of changing various parameters of a 29-compartment 
model with equilibration limited by both blood flow and 
diffusion upon compartment volumes of models calculated by 
compartmental analysis based upon the simulated blood 
concentrations of deuterium oxide 
Two-Compartment Model Three-Compartment Model 
Parameter Compartment Compartment 
One Two One Two Three 
Flow & diffusion* (kg) 32.05 5.10 20.14 11.36 5.63 
change in volume*^(kg) 
+3.7 1 muscle 3.93 - .24 -4.52 7.91 .29 
+2.0 1 muscle 2.11 - .13 -3.61 5.38 .21 
+3.7 1 ruminai contents .20 3.49 5.79 -5.33 3.23 
+2.0 1 ruminai contents - .03 1.95 -2.53 2.37 2.08 
gut flow Lit. values'" - .04 - .17 -3.74 3.37 .15 
gut flow set to zero - .06 - .01 5.31 -5.08 .29 
Flow onlyd .88 -1.02 -2.16 2.34 - .31 
Live sheep® .42 .56 2.89 -2.18 .28 
^Blood-flow model with diffusion coefficients adjusted to fit 
experimentally measured equilibration rates of D,0 in tissues. See text. 
h Changes in estimated volumes by compartmental analysis relative to 
the estimated volumes for the blood-flow model with diffusion 
limitations. 
^Higher flow rates than used for the blood-flow model with diffusion 
limitations. See text. 
'^Blood-flow model with no provision for diffusion limitations. See 
text. 
^Compartmental models solved by using the measured concentrations of 
DgO in jugular blood of 15 sheep. 
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For both the 2CM and 3CM, the slowest equilibrating compartment should 
contain at least the water in ruminai contents. The volume of the second 
compartment of the 2CM was similar (table 3) to the volume of water in 
ruminai contents (5.028 kg), whereas the third compartment in 3CM was 
similar to the volume of water in ruminai contents and ruminai tissue 
(5.625 kg). Compartment two in the 3CM included reticular contents, 
cecal contents, reticular tissue, upper large-intestine contents, feet, 
cecal tissue, upper large-intestine, bone, lower large-intestine 
contents, omasal contents, lower large-intestine tissue, and hide, but 
muscle could not be included completely in either compartment one or 
compartment two. Approximately one-third of the water in muscle had to 
be added to compartment two. The remaining tissues and two-thirds of the 
muscle was included in compartment one. The proportion of the volume of 
water in muscle that was included in compartment one and compartment two 
fluctuated when rumen volume or gut flow rates were changed (table 3), 
but the summation of the two compartments were similar. 
Thus, the only usefulness of compartmental modeling would seem to be 
to estimate the volume of water in ruminai contents. When solving the 
2CM and 3CM by using the disappearance of DgO from blood of the 15 sheep 
sampled at the first bleeding, compartment two in the 2CM averaged 13% 
greater and compartment three in the 3CM averaged 18% greater than the 
volume of water measured to be in ruminai contents. The degree of 
overestimation has been measured to be much greater in experiments with 
cattle. Compartment two in the 2CM was calculated (2) to contain 47% 
more water than was directly measured in the gastrointestinal tract 
contents of 28 cattle. Compartment three in the 3CM was calculated (2) 
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to contain 286% more water than was directly measured in the 
gastrointestinal tract contents of 20 cattle. When four cattle were fed 
a diet that increased the amount of water in ruminai contents by 47% (4), 
the increase in volume was not accurately reflected in the late-
equilibrating compartment of either 2CM or 3CM. The calculated volume of 
compartment two in the 2CM was 139% larger, and the volume of compartment 
three in the 3CM was 163% larger than actual ruminai volume. The degree 
of overestimation was variable for individual animals. The measured 
volume of ruminai contents was not correlated with the estimated volume 
for each animal. The correlation coefficient was only .51 in the first 
experiment (2) and .20 for the second experiment (4), with the 
coefficient being the same for both the 2CM and 3CM. In the present 
experiment, the correlation coefficients for the 2CM and 3CM were .54. 
Thus, compartmental modeling, while having some accuracy in estimating 
compartmental volumes for the theoretical model, was not useful in 
estimating the volume of water in portions of the body. 
A mammillary four-compartment model with a central compartment that 
equilibrates with each of the other compartments was not evaluated, but 
the same problems that exist for the 2CM and 3CM would most likely also 
apply. Difficulties exist in experimentally measuring a fourth 
exponential component. The fourth exponential component derived from the 
simulated disappearance of DgO from blood represented times of less than 
10 min after dosing. For application in live animals, difficulty exists 
in collecting sufficient numbers of samples before 10 min, and 
uncertainty exists as to the meaningfulness of samples collected over the 
first minutes after dosing because circulation times in all portions of 
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the body are not the same, and a certain period of time would be required 
for complete mixing of the injected dose of DgO in blood. 
Although the blood-flow model with diffusion limitations adequately 
described the equilibration process of DgO in tissues of ruminants, the 
complexity of the model and the difficulties in obtaining the 
measurements to solve the model preclude the use of such an approach to 
estimate the amounts of water in portions of the body. 
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GENERAL DISCUSSION 
Compartmental analysis using multiple compartments was not useful in 
estimating the water volumes of portions of the body of ruminants 
(Sections I, III, and V). This, was true regardless whether two- or 
three-compartment models were used. Attempts to incorporate regression 
equations to improve the accuracy of estimating water volumes of portions 
of the body were not helpful. When four exponential components were fit 
to DgO-disappearance curves for a composite of samples of blood and gut 
contents, none of the exponential components properly reflected a 47% 
increase in rumen volume in cattle fed a high roughage diet in comparison 
with a high grain diet (Section III). The equilibration rates of the 
contents of all gastrointestinal tract segments, except for the rumen and 
cecum were similar to the rates of equilibration of many of the body 
tissues (Section III and IV), thus, compartmental analysis would not be 
useful in estimating the total amount of water in gut contents separate 
from body tissues. Compartmental analysis using the disappearance of DgO 
from blood simulated by a 29-compartment blood-flow model, in which 
limitations in diffusion of DgO into the tissues were incorporated, 
enabled the volume of water in ruminai contents to be accurately 
estimated, but did not enable water volumes of other portions of the body 
to be estimated (Section V). Evidently, the equilibration rates of all 
the tissues and contents, except for ruminai contents were too similar to 
distinguish between them by compartmental analysis. Thus, it would seem 
that the only possible application of compartmental modeling would be to 
estimate the amount of water in ruminai contents, however, in live 
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animals compartmental modeling has not been useful in estimating the 
volume of water in ruminai contents. 
If most of the tissues of the body equilibrated at different rates, 
two- or three-compartment models would be too simplistic to describe the 
multicompartment system; however, this is not the reason why 
compartmental modeling does not work in live animals. The tissues and 
contents were placed into five groups on the basis of rate of 
equilibration (Section IV). The simulated disappearance of DgO from 
blood, which was produced by the 29-compartment blood-flow model with 
diffusion limitations, was composed of only four exponential components 
(Section V). But, the reason for the lack of usefulness of compartmental 
modeling seemingly was that the blood concentrations of DgO did not 
reflect the actual equilibration process in tissues. The concentrations 
of DgO measured in blood from sheep were much lower for the first 15 min 
after dosing than the concentrations simulated by the 29-compartment 
blood-flow model with diffusion limitations; but, the measured 
concentrations of DgO in blood were closer to the concentrations 
simulated by a model in which only blood flow rates regulated 
equilibration. A lack of sensitivity in the disappearance of 0^0 from 
blood to reflect the equilibration process in tissues was also observed 
by Weiner and Grim (1966) when they perfused an isolated segment of the 
small intestine. The discrepancy in concentration of DgO in blood 
between measured and theoretical situations would seem to be contrary to 
the mass balance concept of the equilibration process. Because 
concentrations of DgO in blood of sheep were lower than the theoretical 
concentrations simulated by the blood-flow model with diffusion 
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limitations-, it can be implied that the body tissues must be taking up 
more DgO than that indicated by the model. However, the blood-flow model 
with diffusion limitations was developed to match the experimentally 
measured equilibration rates in the tissues. The insensitivity of blood 
concentrations in reflecting the uptake of DgO into tissues would most 
likely have ramifications for the use of compartmental analysis with 
other tracers, which are used to monitor tissue absorption and metabolism 
of substrates from blood. Verification or resolution of this problem is 
important before compartmental modeling is used in a "black box" fashion. 
Use of models that simulate physiological processes and are solved 
based upon measured physiological parameters are preferred over 
compartmental modeling. Compartmental modeling would best be applied 
only after the system to be modeled is understood and it has been 
verified that the compartmental model provides accurate results. 
Compartmental models do relate to physiological processes. The 
fractional turnover rates used in compartmental models, for the present 
case of water equilibration in the body, are equal to the rate of blood 
water flow to a tissue divided by the water volume of the tissue. 
However, the application of compartmental models require very little 
knowledge of the system before simulated results can be obtained. Thus, 
wrong conclusions may be made that results in greater confusion and 
wasted efforts. 
The use of regression equations for predictive purposes has been 
widely misused. This is clear from the usage of regression equations for 
estimating body composition. Although a strong relationship may exist, 
different physiological or environmental situations will most likely 
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change the numerical values of the relationship. Often a regression 
equation has been used to describe a physiological relationship that is 
not completely understood, thus, it is not known what factors may 
adversely affect the relationship. Obviously, evaluating relationships 
by regression (or correlation) is useful in understanding biological 
processes, but predicting the end results of these processes by 
regression equations will only provide approximate values at best. 
The implications of the present studies are that the use of 
compartmental modeling with multiple compartments will not provide 
accurate estimates of gut water and, thus, should not be used for that 
purpose. Because measurements of blood concentrations of D^O are 
insensitive to the equilibration process, it is doubtful that any 
modification in the compartmental modeling approach can be made to make 
the technique accurate. It seems that the blood flow model with 
diffusion limitations is too complex to be useful for estimating the 
quantity of water in the contents of the rumen. Even if the model could 
be simplified in regard to the number of compartments, the measurement of 
the concentrations of DgO in blood would not be accurate input into the 
model to allow solving the model for rumen volume. Also, the 
coefficients used to represent diffusion limitations are probably not 
precise enough to be used in calculations that need to result in exact 
estimates of compartment volumes. However, the blood flow model with 
diffusion limitations would be useful in examining various relationships 
in the equilibration process. One important result from developing the 
blood flow model, was the verification that water movement between the 
capillary and tissue cell Is restricted. This had been demonstrated 
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before (Weiner and Grim, 1966), but from results presented by other 
researchers (Johnson et al., 1952; Freis et al., 1953; Thompson et al., 
1959; Coleman et al., 1972) it would seem that movement of water into 
tissues is only restricted by blood flow. 
The one-compartment approach (Loy, 1983) in using D^O dilution should 
be useful for certain situations. The one-compartment model would be 
useful in estimating relative differences in body composition when the 
volume of gut water is not changed between the experimental treatments 
imposed, but should not be used to estimate absolute values of body 
composition. For experiments in which the volume of ruminai contents 
may be altered between the experimental treatments, the one-compartment 
approach, with the use of a regression equation to estimate gut water 
from live weight, should not be used. One possible variant, however, 
that may be useful would be to measure ruminai volume with Cr-EDTA and to 
measure total body water with DgO. This would require fitting each 
animal with a small ruminai cannula for dosing Cr-EDTA and for sampling 
ruminai fluid. The surgical procedure for installing the cannula is 
simple, but it would require more effort to maintain the animals. 
Although sampling of blood provides for "smoother" DgO-disappearance 
curves than sampling ruminai fluid, evidently due to a problem of mixing 
within the rumen, the DgO could be dosed into the rumen at the same time 
the dose of Cr-EDTA is given. Only samples of ruminai fluid would be 
needed and, thus, placing a catheter into a jugular vein would not be 
necessary. Sampling for DgO and Cr would not need to begin until 
approximately 12 h after dosing and would only require collecting six to 
ten samples over a 3 d period. An interesting additional comparison 
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would be to.take sufficient number and spacing of samples to allow the 
solving of the two-compartment model based upon rumen sampling. Sampling 
the rumen earlier than 15 min may be a problem when DgO is dosed into the 
rumen because complete mixing of rumen contents may not occur before 15 
min. In Section II, the volume of water in ruminai contents was 
estimated to be the same as that calculated by the regression equation 
used by Loy (1983) in the one-compartment model. Nyamekye-Boamah (1982) 
found that solving the model from the basis of the rumen gave results for 
rumen volume that were closer to the directly measured quantity of gut 
water than when solving the two-compartment model from the basis of 
blood. There is no obvious reason to expect that a two-compartment model 
would be of any greater usefulness when the model is solved on the basis 
of rumen sampling instead of blood sampling, but, there is a slower rate 
of equilibration between the ruminai contents and the rest of the body 
when the dose is given intraruminally, and a definite anatomical 
compartment that has a unique equilibration rate is being used to solve 
the model rather than attempting to use blood as a representative measure 
of the equilibration process in a large mass of tissues that equilibrate 
at slightly different equilibration rates. Estimating empty body water 
on the basis of rumen sampling rather than blood sampling may seem to be 
bothersome, however, if the rumen sampling approach would provide good 
estimates of empty body water, the disadvantages relative to the 
alternative of doing serial slaughter would be quite small. Although it 
may be considered injurious to do growth studies with animals containing 
a ruminai cannula, sampling ruminai fluid would provide the opportunity 
to study ruminai parameters that may be affected by the experimental 
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treatments Imposed in the study. It would be wise, in initial 
experiments, to have a second group of noncannulated animals on the same 
experimental treatment in order to compare their growth rate with the 
cannulated animals. One problem that still remains, even if accurate 
measurements of rumen volume can be obtained, is that the volumes of 
water in the other segments of the gut cannot be determined by the rumen 
sampling approach. In cattle, water in ruminai contents comprised 
approximately two-thirds of gut water (Section III) while in sheep 75% of 
the gut water was located in the rumen (Section V). The water in gut 
contents, excluding ruminai contents, comprised approximately 4% of total 
body water when calculated from the measurements of body and gut water in 
the cattle described in Section I and the sheep described in Section V. 
Total gut water was 11 to 18% of total body water. A relationship 
between the amount of water in ruminai contents and the rest of the gut 
segments may be established to provide an estimate of gut water in the 
extraruminal gut contents, but such an approach would not be expected to 
provide accurate estimates. 
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